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Accurate measurement of axial, radial, and volumetric strain parameters are critical to  
the understanding of phase relationships and the constitutive behavior for saturated and 
unsaturated soils. The use of photographic monitoring techniques for laboratory-based 
measurement of these parameters have become common. A novel technique that utilized camera 
instrumentation located within the triaxial testing cell was developed and validated. By placing 
the instrumentation inside of the cell, instead of the instrumentation being located outside of the 
cell, the technique eliminated cumbersome corrections required to account for optical distortions 
due to 1) the refraction of light at the confining fluid-cell wall-atmosphere interfaces, 2) the 
curvature of the cylindrical cell wall, and 3) the deformation of the cell wall induced by changes 
in cell pressure. Digital images of various soil and analog (brass, acrylic) specimens were 
captured within the triaxial apparatus during testing. The images were processed using the 
principles of close-range photogrammetry to construct three-dimensional models of the 
specimens. The models were analysed to determine surface deformation and total volume of the 
specimens. Additionally, the models obtained from triaxial tests performed on the soil samples 
were compared to quantify deformation and volume of the sample as a function of axial strain. 
Sensitivity studies and evaluation of measurement accuracy for the internal, close-range 
photogrammetry approach are documented herein. Specimen volume, as obtained using the 
approach, was compared with volume obtained from four other techniques, including: DSLR 
camera photogrammetry, 3D structured light scanning, manual measurements (caliper and pi 
tape), and water displacement. A relative error of 0.13 percent was assessed for the internal 
photogrammetry technique. The viability of determining total and local strains, volumetric 
changes, and total volume at any stage of triaxial testing was demonstrated through undrained 
 
 
triaxial compression and extension tests. Results from all tests are presented herein. The use of 
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CHAPTER 1: INTRODUCTION 
1.1. Chapter Overview 
 The development of an internal camera-based volume determination system for triaxial 
testing is described in this document. The system was used in conjunction with a close-range 
photogrammetry technique to 1) capture digital images, 2) photogrammetrically construct three-
dimensional models, and 3) calculate the volume and deformation for soil specimens during all 
stages of triaxial compression and triaxial extension tests. This chapter is subdivided into four 
sections. A brief overview of the work that is described in this document is contained in Section 
1.2. The motivation for conducting this research is described in Section 1.3. An overview of the 
entire document is presented in Section 1.4. 
1.2. Description of the Work 
 The development of the internal camera-based instrumentation for triaxial cell 
photogrammetry and the associated data collection and processing techniques are described in 
this document. The development is also briefly described in this section. A set of ten small board 
cameras was designed and incorporated into two, diametrically opposed, camera towers. Each 
tower, with five camera devices, was mounted to a rotational track within the cell; the towers 
were free to rotate about the soil specimen during triaxial testing. At any desired stage during the 
triaxial test (e.g. at a given axial strain level during shearing), the test was paused and the camera 
towers were rotated incrementally about the specimen while capturing images of the specimen. 
To facilitate measurements during the triaxial test, the entire system was designed to be 
incorporated into the triaxial cell to be in direct contact with the confining fluid. A rendering of 






Figure 1.1. Exploded, transparent view of the major components of the internal camera-
based photogrammetry system (note: shown with piezoelectric transducer end caps). 
 
The images that were collected with the system were processed using a close-range 
photogrammetry technique to 1) construct the digital surface of the specimen, and 2) determine 
the total volume of the specimen. To demonstrate the viability of the technique for triaxial tests, 
one conventional triaxial compression test and one reduced triaxial extension test was performed. 
During each test, images of the specimen were captured for various levels of axial strain and a 
three-dimensional model was created for each of the various axial strain levels. To evaluate the 
accuracy of the internal photogrammetry technique, several validation tests were performed. 
Specifically, the technique was evaluated using analog specimens (one brass and two acrylic 
specimens). The effect of the number of images on the reconstruction of a specimen (ranging 
from 40 to 320 images) was examined and the total volume of the specimens that were obtained 







Soil specimen with 
photogrammetric 










were compared with volumes measured using four other methods. An overview of the evaluation 














Figure 1.2. Overview of the evaluation process for the internal cell photogrammetry 
technique presented in this document (modified from Salazar et al. 2017b). 
 
1.3. Motivation 
The motivation for the research conducted for this work is presented in this section. The 
limitations of the techniques that are currently employed in the laboratory to monitor triaxial 
specimens during testing are discussed in Section 1.3.1. The contribution of the work to the field 
of geotechnical engineering is discussed in Section 1.3.2. 
1.3.1. Limitations of Current Techniques 
Various methods have been employed by researchers to monitor soil specimens during 
triaxial tests. These monitoring efforts have enabled one or more of the following: 1) 
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of local and/or total volume, 3) calculation of axial, radial, and/or volumetric strains, and 4) 
characterization of shear banding behavior. Techniques that have been described in the literature 
include double-wall cell systems (e.g. Bishop and Donald 1961), differential pressure transducers 
(e.g. Ng et al. 2002), measurements of air and water volume changes (e.g. Leong et al. 2004), 
displacement and strain sensors (e.g. Scholey et al. 1995), non-contact proximity sensors (e.g. 
Clayton et al. 1989), laser scanners (e.g. Messerklinger and Springman 2007), digital image 
analysis (e.g. Bhandari et al. 2012), x-ray computed tomography (e.g. Viggiani et al. 2004), and 
photogrammetry (e.g. Zhang et al. 2015). Broadly speaking, these techniques can be divided into 
photograph-based and non-photograph-based categories. 
In recent years, photograph-based methods have achieved prominence due to their 
practicality, cost-effectiveness, and versatility. Furthermore, many of the non-photograph-based 
techniques suffered from poor data resolution, relied heavily on geometric assumptions, and 
often required installation of complex and expensive instrumentation. However, even the 
photograph-based techniques have been limited by poor resolution, and the need to perform 
computationally intensive corrections to overcome distortions caused by the confining fluid and 
the cell wall surrounding the soil specimen. The limitations of the photograph-based and non-
photograph-based approaches were discussed in detail in Salazar and Coffman (2015a, 2015b) 
and Salazar et al. (2015, 2017a, 2017b). Based on a review of the existing literature, there was a 
need for a better photogrammetry technique that relied upon cameras internal to the cell. 
1.3.2. Contribution to Geotechnical Engineering 
Testing of the novel Salazar and Coffman (2016) device, in conjunction with the close-
range photogrammetry technique detailed in Salazar et al. (2017b), was shown to be a viable 
alternative to other photograph-based techniques. Moreover, the technique allowed for direct 
5 
 
observation and coverage of the entire radial surface of a specimen. This coverage resulted in 
highly detailed construction of the three-dimensional surface of the specimen. Moreover, the 
measurements were independent of any assumptions of initial dimensions or deformation 
behavior. The technique simplified the computations required by other photogrammetric 
methods, such as the method presented by Zhang et al. (2015). The potential for obtaining more 
information about a given soil specimen, such as axial, radial, and volumetric strains during a 
triaxial test is demonstrated by the technique that is presented in this document. This information 
can be used together with the other soil parameters to improve the development of constitutive 
models of soil. With continued improvements to the device and to the processing workflow, the 
potential for less time-consuming data collection and data reduction is envisioned. 
1.4. Document Overview 
This document is comprised of nine chapters. In this chapter (Chapter 1), an overview of 
the work contained within the document and the contribution of the work to the field of 
geotechnical engineering were provided. The background for the work is presented in the form 
of a literature review in Chapter 2. Five subsequent archival journal publications, on the subject 
of this work, are presented in Chapters 3 through 7, in the order in which the manuscripts were 
conceived and published. The process of developing suitable cameras for the internal 
photogrammetry system is described in Chapter 3. The development of the mechanical, 
electrical, and photogrammetric components of the system is described in Chapter 4. A 
discussion of the paper by Zhang et al. (2015), on the topic of photogrammetry for triaxial 
testing, is included as Chapter 5. A closure to a discussion paper written by Mehdizadeh et al. 
(2016) on the Salazar et al. (2015) publication is included as Chapter 6. The validation of the 
internal, close-range photogrammetry approach for triaxial testing is described in Chapter 7. 
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Conclusions drawn from the work presented in Chapter 3 through Chapter 7 are discussed in 
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CHAPTER 2: BACKGROUND 
2.1. Chapter Overview 
A review of the relevant literature is contained within this chapter. The parameters of 
interest for triaxial testing of saturated and unsaturated soils are presented in Section 2.2. An 
overview of non-photograph-based soil specimen monitoring methods, with a focus on triaxial 
testing, is provided in Section 2.3. A summary of the literature related to photograph-based soil 
specimen monitoring, with a focus on triaxial testing, is presented in Section 2.4. Subsections for 
digital image analysis techniques (Section 2.4.1) and photogrammetric techniques (Section 2.4.2) 
are contained within Section 2.4.  
2.2. Parameters of Interest for Triaxial Testing of Soils 
Numerous techniques have been applied to study the volume and strain evolutions for  
saturated and unsaturated soil specimens during triaxial tests. The practice of measuring changes 
in volume during a test has become routine for many laboratories and is critical for triaxial 
testing of unsaturated soils. The parameters of interest for a given triaxial test typically include: 
1) total and local volume changes, and 2) axial, radial, and volumetric strains. Although there are 
several methods for indirectly obtaining or calculating these parameters, assumptions of elastic 
and uniform deformation behaviors to estimate shape are typically associated with this approach. 
An example of one set of calculations for obtaining axial, radial, and volumetric strains during an 
undrained triaxial test is presented in Equations 2.1, 2.2, and 2.3, respectively. This method relies 
on a geometric estimation of specimen shape after deformation and relies on relative changes in 
specimen dimensions. Ehrgott (1971) presented five additional variations of the equations used 
to calculate the strains, but all of the variations suffer from fundamentally flawed assumptions 


















(𝜀𝑎 − 1)     (modified from Ehrgott 1971)      Equation 2.3 
Where εa is axial strain, Δh and h0 are change in height and initial height of a test specimen, 
respectively, εr is radial strain, Δd and d0 are change in diameter and initial diameter of a test 
specimen, respectively, εv is volumetric strain, and ΔV and V0 are change in volume and initial 
volume of a test specimen, respectively. 
 
To further illustrate an example of the assumptions that are typically made regarding the 
specimen deformation behavior during a triaxial test, the five testing stages of a reduced triaxial 
extension test are illustrated in Figure 2.1. It is commonly assumed that the specimen deforms as 
a perfect, right, circular cylinder (ASTM D4767, 2011). Therefore, this technique is not suitable 
for obtaining the correct area of the failure plane and the resulting shear strength calculations for 
the specimen are inaccurate. Due to these inaccuracies, researchers have turned to a variety of 















1. Pre-test: Mass (m) and water content (w), measured; Volume (V) calculated using caliper measurements. 
2. Back-pressure saturation: Drain lines filled. Total volume change (ΔV) from pore pump measurements.  
    This volume change includes air 1) purged from lines, and 2) going into suspension. 
3. K0 Consolidation: Sample ΔV from pore pump measurements. 
4. Shearing: m, w, and V assumed to be equal to post-test m, w, and V (if undrained); calculated from pore  
    pump measurements (if drained). 
5. Post-test: m and w, measured. Shear strength determined based on corrected area (Ac). 
 
Figure 2.1. Typical measurements and calculations required to determine the phase 
diagram of the soil specimen during a reduced triaxial extension test (modified from 
Salazar et al. 2017b). 
 
2.3. Non-Photograph-Based Soil Specimen Monitoring Methods 
Historically, changes in confining fluid or pore fluid volume have been directly 
correlated with changes in specimen volume. However, volume measurements have been 
influenced by temperature- and pressure-induced flexure of the cell wall and drain lines. Bishop 
and Donald (1961) modified a standard triaxial testing apparatus to include a second, inner cell 
that was filled with mercury to measure total changes in volume of a specimen. Other double-cell 
techniques that relied on measuring the changes in volume of the confining fluid (water and/or 
air) within the pressurized cell were introduced by Wheeler (1986), Cui and Delage (1996), 
Toyota et al. (2001), Aversa and Nicotera (2002), and Ng et al. (2002). A review of these volume 
measurement techniques was provided in Leong et al. (2004), which also contained a method for 
correcting for the expansion of the confining fluid due to temperature fluctuations. An example 
of a double-cell triaxial apparatus is presented as Figure 2.2. 
1 2 3 4 5 
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To complement volume measurements, axial deformation measurements have also been 
collected during testing. Changes in axial deformation have been used to calculate average 
specimen dimensions by adding or subtracting deformation measurements from initial 
dimensions, with the initial dimensions having been established prior to testing (typically by 
means of caliper and pi tape measurements). Therefore, known or assumed specimen dimensions 
were used to calculate axial, radial, or volumetric strains, as described in Section 2.2. However, 
conventional axial (Scholey et al. 1995, Cuccovillo and Coop 1997, Ng and Chiu 2001) and 
lateral or radial (Khan and Hoag 1979, Bésuelle and Desrues 2001) displacement transducer 
measurements have relied on averaging methods and total volumetric changes that did not 
accurately account for irregular deformation behavior, such as shear banding, bulging 
bifurcation, or necking. 
 
Figure 2.2. Schematic of a double-cell volume measuring system for triaxial testing of 
unsaturated soils (from Ng et al. 2002). 
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Other measurement techniques have been employed to measure soil specimen 
parameters. Clayton and Khatrush (1986) and Clayton et al. (1989) introduced a non-contact 
proximity sensor technique to measure local radial and axial strains during triaxial testing. 
Romero et al. (1997), Messerklinger and Springman (2007), and Jain et al. (2015) employed 
laser-scanning devices. The aforementioned Romero et al. (1997) device was incorporated into a 
suction- and temperature-controlled triaxial apparatus for the testing of unsaturated soils. Two 
externally mounted, diametrically opposed lasers were utilized to measure the radial deformation 
profile along the length of the specimen at two locations. Similarly, the Messerklinger and 
Springman (2007) device was utilized to measure radial displacements for three vertical profiles 
around the circumference of the specimen during triaxial testing (Figure 2.3). In both techniques, 
the radial displacements between the measured profiles were inferred. Although the Jain et al. 
(2015) device was not employed during triaxial tests, the technique utilized a fixed laser pointed 
at a soil specimen placed on a rotating turntable. This allowed for continuous measurements of 
the entire specimen surface at desired intervals during a shrinkage test and subsequent 
calculation of specimen volume. Desrues et al. (1996) and Viggiani et al. (2004) utilized x-ray 




Figure 2.3. Plan view schematic of laser scanning device for triaxial testing (from 
Messerklinger and Springman 2007). 
 
2.4. Photograph-Based Soil Specimen Monitoring Methods 
To overcome the limitations of the previously discussed techniques in Section 2.3, digital 
imaging techniques have increasingly been employed to monitor soil specimens. Specifically, 
these techniques have been used to 1) calculate the total volume and volumetric strain of soil 
specimens and/or to 2) monitor the evolution of shear bands and local strains. The photograph-
based techniques have been shown to be robust alternatives to conventional measurement 
techniques for obtaining measurements during triaxial testing. The photograph-based techniques 
in the literature fall under one or more of the following classifications: Digital Image Analysis 
(DIA), Digital Image Correlation (DIC), Particle Image Velocimetry (PIV), or photogrammetry. 
For the purposes of this discussion, DIA, DIC, and PIV techniques have all been grouped under 
the digital image analysis category, while photogrammetry technique is treated separately. 
2.4.1. Digital Image Analysis Techniques 
 Throughout the literature, the terms DIA and DIC have sometimes been used 
interchangeably and the distinctions of the methods are beyond the scope of this discussion. 
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Therefore, these methods are discussed together and are referred to collectively as DIA 
techniques herein. DIA techniques have allowed for more information to be captured and 
quantified for soils specimens. For example, Alshibli and Sture (1999) utilized a uniform grid 
applied to the membrane of a triaxial soil specimen to measure displacements at the surface of 
the specimen during the development of a shear band. In another set of examples, Gudehus and 
Nübel (2004) and Rechenmacher and Finno (2004) both studied the evolution of shear bands in 
sands during biaxial tests using digital image analysis. In yet another pair of examples, Ören et 
al. (2006) and Önal et al. (2008) used digital image correlation to determine the volume of soil 
specimens during shrinkage tests.  
Another class of digital image analysis is PIV; PIV was developed by Adrian (1991) for  
experimental fluid dynamics applications. Although PIV techniques share some common traits 
with DIA techniques, PIV differs significantly from DIA. PIV techniques primarily utilize image 
texture instead of target markers to track movement in sequential images. PIV has been used to 
measure planar surface deformation and to analyze displacement and strain fields for various soil 
tests. Examples of PIV techniques that have been employed to monitor soil specimens include 
Guler et al. (1999), White et al. (2003), Iskander and Liu (2010), Stanier et al. (2016), and Pinyol 
and Alvarado (2017). Because PIV techniques have not been shown to aid in the determination 
of triaxial specimen volumes, these techniques are not further discussed. 
The use of digital images in conjunction with DIA techniques for monitoring triaxial tests 
has been presented in the literature. Examples include Macari et al. (1997), Alshibli and Sture 
(1999), Alshibli and Al-Hamdan (2001), Gachet et al. (2007), Sachan and Penumadu (2007), 
Rechenmacher and Medina-Cetina (2007), Uchaipichat et al. (2011), Bhandari et al. (2012), and 
Hormdee et al. (2014). In each of these examples, digital images of the soil specimens were 
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captured during testing with photographic equipment that was located outside of the triaxial 
testing cell. Although the entire length of the specimen (in the axial dimension) was captured 
within a single image in each of the aforementioned references, various methods were used to 
capture the entire surface area of the specimen in the lateral dimension. For example, Alshibli 
and Al-Hamdan (2001) and Bhandari et al. (2012) placed multiple cameras at intervals around 
the outside of the cell, whereas Macari et al. (1997) and Gachet et al. (2007) utilized only a 
single, fixed camera and therefore did not capture the entire specimen surface. In other instances, 
the entire specimen surface was not captured because only the zone of shear banding was of 
interest (Liang et al. 1997, Alshibli and Sture 1999, Sachan and Penumadu 2007). In all cases, 
proper lighting conditions were critical for collecting usable photographs for obtaining high 
quality results with DIA techniques, as demonstrated by Gachet et al. (2007), Bhandari et al. 
(2012), and Hormdee et al. (2014). Examples of the camera-based measurement apparatus are 




                                    (a)                                                                        (b) 
 
Figure 2.4. Triaxial testing apparatus with (a) a single, fixed digital camera located outside 
of the cell (from Gachet et al. 2007), and (b) three, fixed digital cameras located outside of 
the cell (from Bhandari et al. 2012). 
 
2.4.2. Photogrammetric Techniques 
All of the previously discussed methods for monitoring soil specimens during triaxial 
tests utilized external cameras and therefore several optical challenges were encountered, as 1) 
described in detail by Bhandari et al. (2012) and Salazar and Coffman (2015) and 2) as 
illustrated in Figure 2.5. Although Kikkawa et al. (2006) first introduced a stereo 
photogrammetry technique for measuring local displacement and volume for specimens in 
triaxial compression, photogrammetric techniques for monitoring triaxial soil specimens did not 
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reappear in the literature until Salazar et al. (2015) and Zhang et al. (2015). The initial work by 
Zhang et al. (2015) was extended by the same authors in Li et al. (2016) and the Salazar et al. 
(2015) work was extended in Miramontes (2016) and Salazar et al. (2017a, 2017b). As stated by 
Zhang et al. (2015), photogrammetric techniques were needed because of the significant 
limitations and assumptions of other photographic methods (e.g. only local volume was 









The Zhang et al. (2015) and Li et al. (2016) technique involved acquiring photographs of 
the specimen at various angles from outside of the cell wall using a single digital single lens 
reflex (DSLR) camera. The images were then used to photogrammetrically construct a three-
dimensional model of the specimen, which was scaled to a real-world coordinate system to 
obtain the local and total volume of the specimen for a given stage of testing. The Zhang et al. 
(2015) and Li et al. (2016) method presented advantages of a photogrammetric approach by 
overcoming many of the limitations of other photograph-based methods. However, the 
implementation of the method introduced additional processing complexity by requiring 
computationally intensive corrections to account for optical distortions. Specifically, a ray 
tracing and least-squares optimization technique were utilized to correct for the light refraction at 
the confining water–cell wall and cell wall–atmosphere interfaces, for the cell wall curvature, 
and for the deformation of the cell wall under high confining pressures. A schematic illustrating 
the photogrammetric principles involved with the Zhang et al. (2015) and Li et al. (2016) 
technique is presented as Figure 2.6. The results obtained from the Zhang et al. (2015) and Li et 




Figure 2.6. (a) Schematic of photogrammetric principles involved in the Zhang et al. (2015) 
and Li et al. (2016) methodology, including (b) optical ray tracing, and (c) least-square 





Figure 2.7. Representation of specimen deformations obtained during a triaxial test 
(modified from Li et al. 2016). 
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Salazar and Coffman (2015, 2016) introduced novel camera instrumentation for 
monitoring triaxial specimens during testing. A simple board camera device, modified with a 
pinhole aperture (BCPA), was designed and incorporated into a camera system that was placed 
inside of the triaxial testing cell. The camera device was designed to allow for immersion within 
the confining fluid of the triaxial cell (silicone oil). The full immersion of the device caused the 
air space behind the camera aperture to fill with the electronics-grade confining fluid, thereby 
overcoming the need for a pressure-resistant housing. In addition to a pressure-resistant housing 
being impractical for the high confining pressures reached during a triaxial test (up to 1,035 
kPa), a pressure-resistant housing would have required more space than was available within the 
triaxial cell. Furthermore, the immersion of the camera parts, including the charge-coupled 
device (CCD) sensor within the fluid, allowed for direct observation of the soil specimen within 
the triaxial cell. Using this technique, light only traveled through one medium (the confining 
fluid). In tandem with the pinhole aperture, the need to account for image distortions introduced 
by the differences in the indices of refraction of the various materials (lens, air, oil) was 
eliminated. Schematics of the BCPA device and the internal camera system are presented as 







Figure 2.8. Schematic of board camera device with pinhole aperture developed at the 






Figure 2.9. Schematic of internal camera-based photogrammetry system for triaxial testing 




As reported in Salazar et al. (2015, 2017a, 2017b), the internal camera system was used 
to capture photographs of the entire specimen surface during a triaxial test by rotating the camera 
towers around the specimen. Just as the Zhang et al. (2015) and Li et al. (2016) photogrammetry 
technique relied on ringed automatically detected (RAD) targets, the Salazar et al. (2015, 2017) 
technique also relied on RAD targets. In Salazar et al. (2015, 2017a, 2017b), the targets were 
printed onto the membrane surrounding the specimen and were used to locate points on the 
specimen surface. A close-range photogrammetry technique was then utilized to construct a 
three-dimensional model of the specimen. Models that were obtained from various stages of 
testing were scaled to a real-world coordinate system and then compared to obtain volumetric 
changes. The models also allowed for virtual measurement of specimen dimensions. An example 






Figure 2.10. Representation of specimen deformation obtained from close-range 
photogrammetry during an undrained, conventional, triaxial compression test (modified 
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CHAPTER 3: CONSIDERATION OF INTERNAL BOARD CAMERA  
OPTICS FOR TRIAXIAL TESTING APPLICATIONS 
 
3.1. Chapter Overview 
The concept of optics, internal to a triaxial testing cell, is explored in this chapter. The 
challenges, limitations, and advantages associated with this concept are described and a simple 
board camera modified with a pinhole aperture (BCPA) is introduced. The challenges of 
implementing this camera system included limited space within the testing cell, the presence of 
pressurized confining fluid within the cell, and sufficient photographic coverage of the entire 
surface of a soil specimen. Preliminary testing of the camera device is presented and a system 
that incorporated multiple devices attached to rotating fixtures within the cell are introduced. 
The limitations of the included manuscript (Salazar and Coffman 2015) are discussed in 
Section 3.2. The full citation for this document is included in Section 3.3. The motivation and 
background for the manuscript are described in Sections 3.4, 3.5, and 3.6. Contained within 
Section 3.7 are the challenges that were involved with designing a camera system capable of 
acquiring images of a specimen from within the testing cell during a triaxial test. Section 3.8 
contains a description of the BCPA device that overcame the presented challenges and Section 
3.9 includes the testing and calibration of the BCPA device. Conclusions for this work are 
presented in Section 3.10.  
3.2. Limitations of the Described Study 
The BCPA device that was designed for implementation within the internal camera-based 
monitoring system suffered from relatively poor image quality, due to the nature of the pinhole 
aperture and the low-cost board camera sensor. Although the BCPA overcame the presented 
challenges, the optimization of the device required compromises in the field of view, resolution, 
and light entry characteristics of the device. Although the study presented the concept of the 
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entire internal camera-based system, the results that were presented were focused primarily on 
the development of the BCPA device and not on the system. Therefore, the manuscript presented 
the development of the optics that had the potential for determination of specimen volumes. 
3.3. Consideration of Internal Board Camera Optics for Triaxial Testing Applications 
Reference 
Salazar, Sean E. and Coffman, Richard A., “Consideration of Internal Board Camera Optics for 




The application of small board cameras, located within a triaxial cell to determine radial 
and axial strain, was investigated. Specifically, charge-coupled device (CCD) sensors were 
utilized in conjunction with precision pinhole apertures to capture images from within the triaxial 
cell. The cameras were fully immersed in electronics-grade silicone oil and were able to 
withstand cell pressures that are common to triaxial testing (up to 1034 kPa (150 psi)). The small 
size of the cameras allowed for implementation within the triaxial cell, thereby avoiding: (1) the 
cumbersome corrections that are required to account for refraction at the confining fluid–cell 
wall–air interfaces and magnification due to cell wall curvature, and (2) the amount of space 
required for outside-of-the-cell monitoring systems that utilize cameras. The final design of 
the cameras was based on an iterative testing process in which various types of small board 
cameras, lenses, and finally pinhole apertures were investigated. The advantages of the lensless 
pinhole aperture camera design included: (1) lack of optical aberrations, such as those 
encountered in traditional lensed camera systems, (2) practically infinite depth of field, allowing 
for sharp, close-up images, and (3) wide-angle field of view without the distortions that are 
associated with the use of wide-angle lenses. As discussed herein, the pinhole cameras were 
optimized for optical resolution and light entry to minimize the effect of diffraction patterns that 
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are commonly associated with pinhole apertures. The resolution of the cameras was determined 
to be sufficient for the potential application of the cameras (volume measurements). The 
instrumentation presented herein provides a novel alternative to the state-of-the-art outside-of-
the-cell photogrammetric instrumentation that is currently employed to monitor soil specimens 
during triaxial tests. 
Keywords: photogrammetry, refraction, triaxial testing, laboratory equipment 
3.5. Introduction 
The current state-of-the-art photogrammetric technique for measuring the change in 
volume of soil specimens located within a triaxial cell utilizes expensive digital cameras that are 
located outside of the triaxial cell. The use of small board cameras located within the triaxial cell, 
that overcome pressure and space constraints, has the potential to improve the current state-of-
the-art of photogrammetric techniques for triaxial testing, at a fraction of the expense. The 
optical design of the board camera was of particular importance, as it was necessary to develop 
high quality images within a confined space, while the camera was immersed in the confining 
fluid. Therefore, a small open body board camera with a pinhole aperture (BCPA) was designed. 
Although the use of board cameras with traditional lenses was attempted, the utilization of the 
BCPA was proven to perform better than the lensed camera and the optical design was simpler, 
more feasible, and more cost effective. The disadvantages of using a BCPA include (1) the 
need for very precise aperture construction for acquisition of high quality imagery and (2) 
limited resolution (when compared to traditional, lensed, outside-of-the-cell cameras). However, 
the practical and economic advantages of using a BCPA far outweigh the disadvantages. The 
basic optical principles of pinhole apertures and the existing state-of-the-art practice of obtaining 
volume measurements using photogrammetry are described and the challenges encountered 
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during the design and fabrication of the BCPA are presented. The images obtained using the 
BCPA, located within the triaxial cell, are compared with images obtained from traditional 
lensed cameras, located within the triaxial cell, and the differences are discussed. Final remarks 
and a summary of the BCPA system are also provided. 
3.6. Background 
Historically, when photogrammetric techniques were employed to measure the amount of 
volume change in specimens being tested in a triaxial device, outside-of-the-cell cameras were 
utilized (Parker 1987, Macari et al. 1997, Alshibli and Sture 1999, Alshibli and Al-Hamdan 
2001, Gachet et al. 2006, Sachan and Penumadu 2007, Bhandari et al. 2012). However, light 
refraction at the (1) confining fluid-cell wall interface and (2) cell wall-atmosphere interface and 
the curvature of the cell wall have necessitated the use of models to account for the refraction 
and magnification effects. Furthermore, the cameras surrounding the testing apparatus have been 
expensive, limited by technology, and have required an excessive amount of space to develop the 
required focal length and lighting conditions. Moreover, the optical elements of the camera 
equipment have not been addressed in detail, such as optical aberrations, inherent to the camera 
lenses. 
3.6.1. Lens Optics 
Lenses are typically used to capture and focus light and may be used to increase the field 
of view. However, errors introduced by refraction of light through lenses, including spherical 
aberration, coma, field curvature, astigmatism, and barrel, pincushion, and complex distortions 
are prevalent to varying extents in lens applications (Mahajan 1998, Roichman et al. 2006, 
Kingslake and Johnson 2010). Most camera lenses are therefore constructed of multiple lenses 
(lens array) that are stacked to correct for some aberrations. A careful balance between 
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mitigating one type of aberration and augmenting another type has always existed; therefore, it is 
never truly possible to capture an image that does not contain some type of aberration when a 
lens or lens array is utilized. Although most cameras use lens arrays, liquid lenses (with variable 
focus induced by an electrowetting process) have recently been developed for small applications 
(Kuiper and Hendriks 2004, Hendriks et al. 2006, Nguyen 2010) to overcome aberrations 
encountered with lenses and to adjust the focal length without the need for mechanical servo 
action; liquid lenses are commonly utilized in many smart phone cameras. The aforementioned 
focus (inverse of power) of a given lens may be calculated utilizing the Lensmaker’s equation 
(Equation 3.1) for thin lenses, first developed by English physicist Thomas Young (1773–1829) 













)                        Kuo and Ye (2004)                            Equation 3.1 
Where f is the focal length of the lens, n1 is the refractive index of the lens material, n2 is the 
refractive index of the surrounding medium, r1 is the radius of curvature of the front surface of 
the lens, and r2 is the radius of curvature of the back surface of the lens. 
 
 
3.6.2. Pinhole Aperture 
The pinhole aperture camera is the most basic type of camera and is often overlooked in 
favor of a lensed camera. However, despite, and perhaps because of its simplicity, the pinhole 
camera may provide: (1) images free of the optical distortions that are inherent to the use of 
lenses, (2) images with virtually infinite depth of field, (3) wide viewing angles, and (4) a 
foundation for understanding the basic concepts involved in the field of optics, specifically 
related to the use of cameras. The primary advantage of using a lens, as opposed to a simple 
pinhole, is that a lens can capture and focus more light without requiring long exposure times, 
thereby increasing optical resolution (defined as the ability to resolve detail). When resolution is 
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not the most critical objective of a camera application, a simple pinhole aperture camera may 
provide a viable alternative to typical lensed camera. Pinholes have been used for centuries for 
purposes of viewing and tracing images onto drawings prior to utilizing photo-sensitive materials 
for photography purposes (Renner 2000). Moreover, the basic concepts of pinhole optics were 
instrumental to the formulation of the theory of light. The theory was supported by the earliest 
written observations of multiple phenomena related to light, specifically diffraction, interference, 
and polarization of light through pinholes (Grimaldi 1665, Newton 1730, Young 1802, Fresnel 
1819). According to Renner (2000), pinholes are still commonly utilized due to the 
impracticality of using lenses. For example, scientific application of pinhole imaging may be 
found in astro and nuclear physics (such as for high-energy particle imaging of laser plasma, X-
rays, the sun, black holes, and exploding stars). 
The design of a pinhole aperture is relatively simple; however, certain considerations are 
necessary to optimize image quality. Unlike lensed cameras, pinhole cameras rely on diffraction, 
not refraction (Figure 3.1). The theory and equations for pinhole apertures were suggested by 
early researchers like Herschel (1835), Airy (1835), and Strutt (1891); attempts have also been 
made to refine the relationship between the optical phenomena in more recent years. However, as 
Young (1971) indicates, the theoretical limits should only be used as a guideline because the 
optimal pinhole aperture diameter is often better determined experimentally. The optimal pinhole 
diameter is limited by resolution (larger diameters correspond with poorer resolution), by Fresnel 
(near-field) and Fraunhofer (far-field) diffraction limits, and by the ability to gather light (smaller 
diameters correspond with higher diffraction interference and allow less light to be collected). 
The optimal pinhole diameter for optical applications often relates to the “Airy disk,” which is 














Figure 3.1. Real image formation illustrated by simplified ray diagram of (a) diffraction of 
light through a pinhole aperture, and (b) refraction of light through a lens.  
 
3.6.3. Pressure Resistant Cameras 
To be able to withstand high pressures, a camera is typically sealed in pressure-resistant 
or, more commonly, pressure-compensating housings (Laudo et al. 1998). These housings are 
typically bulky, expensive, and do not allow for direct optical observation because light must 
first pass through a transparent thermoplastic barrier (i.e., acrylic plastic) before reaching the 
camera. To combat this, fluids such as silicone oil or mineral oil (Salazar and Coffman 2014), 
may be used in electronics applications where exposure to the fluid is unavoidable or desired. 
The direct contact between the electronics and fluid will not cause short-circuiting due to the 
inert and non-ionic properties of the oil (Mohapatra and Loikits 2005, Schmidt 2005, Lasance 
and Simons 2005). Furthermore, even at high pressures, the silicone oil does not crush the 
components of the camera even though the components are directly subjected to the fluid. This 
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direct immersion allows for pressure resistant design, without the need for a housing; thereby 
also allowing for direct optical observation. 
3.7. Challenges Encountered 
The design of the optical and mechanical components of a camera system that was used 
to monitor triaxial specimens from within a triaxial cell, submerged in confining fluid, and 
subjected to high pressures is presented herein. The following challenges were encountered and 
are addressed sequentially: (1) physical space requirements of placing multiple cameras within a 
standard triaxial cell, (2) direct contact between electronic components of the camera and the 
confining fluid, (3) space requirements for developing the appropriate focal length, (4) high cell 
pressures during testing, (5) sufficient coverage of entire specimen area with minimal camera 
deployment, and (6) analog to digital signal conversion for capturing still frames from video 
feeds. Discoveries were made through an initial empirical trial and error process, and through 
theoretical deductions to test, optimize, and fabricate new BCPA designs. The process that was 
followed to address each of the interrelated challenges is presented in Figure 3.2. Specifically, of 
most importance was the focal length, as the focal length was a function of all of the other 

















Figure 3.2. The process that was followed to address the interrelated challenges in the 
design of the BCPA. 
 
3.7.1. Space Requirements 
The first challenge was the small size of the triaxial cell (11.43 cm (4.5 in.)) inside 
diameter Trautwein Soil Testing Equipment Co. triaxial cell). Only 3.81 cm (1.5 in.) of space 
surrounded the 3.81 cm (1.5 in.) diameter specimen. To overcome this challenge, small closed 
circuit board cameras (with dimensions of 14mm (0.55 in.)) by 14mm (0.55 in.) by 13mm (0.51 
in.)) were placed into the cell in between the cell wall and the soil specimen. Several types of 
cameras were investigated including various types of cameras with a 6.35mm (0.25 in.) format or 
8.38mm (0.33 in.) format charge-coupled device (CCD) or complementary metal oxide 
semiconductor (CMOS) sensor that were mounted to a circuit board that housed composite video 
(yellow), audio (white), and power (red, black) wire leads and enclosed within an aperture box 
with a threaded lens mount assembly. 
The quality and size of the images produced from the respective cameras was partially a 
function of the sensor size; therefore, given the available options, a 8.38mm (0.33 in.) format 
sensor was selected over similar 6.35mm (0.25 in.) format sensors. Each of the cameras was 
tested with a variety of standard lenses both in air and submerged in electronics-grade silicone 
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oil. Furthermore, only cameras with the highest lines of horizontal resolution (LoHR), and pixel 
dimensions were selected (specifications ranged from 420 LoHR to 700 LoHR and 492 by 510 to 
976 by 582, respectively). The board camera that was selected for use in the triaxial cell 
possessed a 8.38mm (0.33 in.) format SONY CCD sensor, capable of obtaining 700 LoHR, and 
976 horizontal by 582 vertical effective pixels. This camera was chosen because it had the best 
image quality to size ratio, thereby facilitating deployment inside of the triaxial cell. Photographs 
of the various types of cameras and lenses that were tested, and their respective specifications, 
are presented in Figure 3.3. 
Given the space constraints within the triaxial cell, it was not practical to design a lens 
array to focus light for this application. It may have been possible to design a lens system to 
improve the resolution of captured images; however, given the space constraints, the design 
would have required using very small lenses (on the order of 2.0mm in diameter) with unusually 
high refractive indices (greater than 1.8) to give the appropriate focal length when immersed in 
the silicone oil. Specifically, the appropriate focal length that was required is discussed in the 





























            
 
 
                                    
 
Figure 3.3. (a) Three types of board cameras that were tested, and (b) five different types of 
lenses used with the cameras. 
 
3.7.2. Confining Fluid 
To avoid damage to the sensitive electronics of the cameras, while still ensuring 
saturation of the specimen (by utilizing pressurized fluid instead of pressurized air to prevent gas 
diffusion across the membrane), silicone fluid (PSF-5cSt, Trautwein Soil Testing Equipment 
Co.) was used to confine the specimens and surrounded the cameras. Properties of the silicone 
fluid include: low viscosity (5cSt), specific gravity of 0.918, dielectric constant of 2.60, dielectric 
strength of 375, and index of refraction of 1.397. Due to the high refractive index of the oil 
(relative to air), the standard lenses were not able to focus when immersed in the oil. 










Board camera specifications:  
A) 6.35mm [0.25in.] format Sharp 
CCD sensor, 420 LoHR, 492×510, 
M6.5×0.25 aperture box threading, 
B) 8.38mm [0.33in.] format Sony 
CCD sensor, 700 LoHR, 976×494, 
M12×0.5 aperture box threading;  
C) 8.38mm [0.33in.] format Sony 
CCD sensor, 700 LoHR, 976×582, 
M12×0.5 aperture box threading. 
 
Lens specifications:  
1) 3.6mm standard lens, 55° FOV;  
2) 3.7mm button lens, 60° FOV;  
3) 2.8mm barrel lens, 90° FOV;  
4) 2.1mm wide angle lens, 170° FOV; 
5) barrel-mounted pinhole aperture. 
Note: All had M12×0.5 threading but 





refraction of air (1.000 in a perfect vacuum). Although unknown, it was estimated that the index 
of refraction of the lens material was between 1.48 and 1.60 (for crown or flint glass). The 
increase in the index of refraction from 1.000 to 1.397 reduced the difference in the indices of 
refraction between the two media (air–glass and oil–glass) and thereby increased the required 
focal length. This reduction in the difference in the indices of refraction provided for non-ideal 
light dispersion and therefore led to severely out-of focus images when the cameras containing 
lenses were submerged in oil. Simply put, lenses were deemed to not be a viable option (as 
discussed in further detail in the focal length section). 
3.7.3. Focal Length  
As discussed previously, limited space was available to deploy the cameras. This space 
constraint limited the maximum achievable focal length (the distance between the object and the 
lens, as shown in the ray diagram that was previously presented in Figure 3.1). The minimum 
focal length values, for the standard lenses that were included with purchase of the board 
cameras when tested in air, were between 4 and 6 cm (1.6 and 2.4 in.). These distances 
corresponded to images with the highest sharpness; therefore, focused images could not be 
obtained when using cameras with the standard lenses within the available confined space of 
3.81 cm (1.5 in.). Furthermore, as revealed by submerging the cameras in the silicone oil, the 
focal length of a given lens varied, depending on the medium that surrounded the lens. 
Simply put, a camera lens designed to provide focus in air, did not provide focus in the 
silicone oil. Although different types of lenses were tested (Figure 3.3), all of the lenses inhibited 
viewing of soil specimens when the lenses were immersed in silicone oil. The testing of the 
lenses was purely empirical, due to the unknown characteristics of the various lenses (lens shape, 
refractive index of lens material, and radii of curvature of the lens surfaces). The characteristics 
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of the lenses were unknown because the small lenses were cemented and sealed inside of a 
mounting assembly, making it impractical to extract the lenses or lens components for closer 
inspection. The Lensmaker’s equation (previously presented as Equation 3.1) was employed to 
determine the optical properties of a lens that would enable collection of images when immersed 
in silicone oil. However, given the immersion medium, it was not economically, nor practically 
feasible to purchase or (manufacture) a lens, or lens array, with the correct refractive index 
(greater than 1.8) to develop the appropriate focal length (approximately 24mm (0.94 in.)) within 
the physical space limitations (3.81 cm (1.5 in.)). Therefore, as discussed in the section entitled 
Pinhole Solution, another solution was realized to enable collection of images from close 
distances within a fluid with a high refractive index. 
3.7.4. Cell Pressure 
To withstand the cell pressures during testing (up to 1034 kPa (150 psi)), the cameras 
were flooded behind the aperture, filling all of the air space with oil. It was observed, in original 
testing of the lensed cameras, that the focal length of the lens arrays permanently changed after 
being subjected to typical pressures. This was attributed to the compression of the small void 
spaces between the lenses when subjected to pressure, resulting in permanent deformation of the 
lenses and thereby altering the optical properties of the lens array. It was therefore determined 
that an alternative to a lens array must be developed to withstand pressure applications. 
3.7.5. Specimen Coverage 
Due to the close proximity of the board camera to the soil specimen, it was not possible 
to observe the entirety of the specimen with a single camera. Specifically, the field of view of an 
individual camera (21mm (0.83 in.)) was smaller than the height of the specimen (7.62 cm (3.0 
in.)). Therefore, by using multiple cameras, individual areas of the specimen were monitored and 
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the photographs of the individual areas were stitched together using post-processing software. To 
achieve this, a camera monitoring system was designed with two arrays of four BCPA (eight 
total cameras). The BCPAs were mounted to towers that were rotated along a track that was 
attached to the base inside of the cell. The track was designed to rotate using pairs of small 
magnets; one magnet was mounted to the track and the other magnet was located at various 
positions outside of the triaxial cell wall. The use of magnets allowed for the BCPAs to capture 
still frames at prescribed intervals during the rotation. A schematic of the track and camera tower 

























            
 
 
Figure 3.4. Schematic of guided camera track system mounted on triaxial apparatus base. 
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In the original design of the cameras, it was hypothesized that using wide-angle lenses 
would be sufficient to capture large areas of the specimen and, therefore, very few cameras 
would be required. However, the use of this type of lens was not permitted (due to the 
aforementioned problems associated with lenses not enabling image collection when submerged 
in silicon oil, due to the physical size requirements of the lenses, and due to the distortions that 
were associated with wide-angle lenses (barrel, pincushion, and complex distortions)). Although 
these distortions are now a moot point because the wide-angle lens could not be used, these 
distortions are known to be difficult to correct and typically reduce the size of the image (due to 
cropping requirements). 
3.8. Pinhole Solution 
To overcome the limitations of focal length, refractive properties of the confining fluid, 
cell pressure, and specimen coverage, a lensless pinhole aperture was developed. The required 
aperture diameter was approximated, based on Equation 3.2 (Strutt 1891): 
 
𝑓 = 2𝑟2/𝜆                                                  Strutt (1891)                                               Equation 3.2 
Where f is the focal length, r is the radius of the pinhole opening (or aperture), and λ is the 
design wavelength. 
 
However, unlike for a lens, the f variable used in Equation 3.2 was associated with the 
distance between the pinhole aperture and the camera sensor plane, as previously depicted in 
Figure 3.1. Furthermore, as discussed previously, unlike lensed cameras, pinhole cameras have 
infinite depth of field; therefore, this type of aperture allowed for the entire image to be in focus. 
To obtain sharp images and to maximize resolution, the edges of the pinhole must be precisely 
cut and the diameter of the pinhole must be small. Moreover, the thickness of the substrate must 
be thin to allow for the widest viewing angle (as shown previously in Figure 3.1). Therefore, 
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various pinhole sizes 75, 100, and 150 μm (2.95×10-3, 3.94×10-3, and 5.91×10-3 in.) were laser 
cut into the center of a 9.5mm (0.375 in.) diameter wafer substrate (National Aperture, Part 
Number 1-75+ B-2, 1-100+ B-2, and 1-150+ B-2), respectively. The steel substrate (300 series 
stainless steel) had a thickness of 12.7 μm (5×10-4 in.) and both sides were blackened (+B-2) to 
absorb any stray light within the aperture box. 
The design optical wavelength (415 nm) was selected based on the results obtained from 
a relative light intensity test that was conducted by examining a diffuse reflectance 
fluoropolymer reference material (Spectralon, Labsphere, Inc.) using a spectroradiometer (ASD 
FieldSpec Pro HandHeld 2 portable spectroradiometer). Although a peak value of 580nm was 
observed, a reduced value of 415nm was utilized because of the refractive index ratio (1.397) 
that was associated with silicone oil being used as the confining fluid instead of air. Furthermore, 
this wavelength (415 nm) was selected because the final position of the pinhole aperture was 
fine-tuned (in relation to the camera image plane) using a threaded barrel that screwed into the 
aperture box.  
A recess was placed into the threaded barrel to enable the wafer substrate to be mounted 
to the barrel. The aforementioned three aperture diameters were tested at various distances from 
the camera sensor, and it was found that the 75 μm (3.94×10-3 in.) diameter aperture provided 
the best image quality when the substrate was located approximately 3.0mm away from the 
image plane, as assessed by visual inspection of the acquired images. Therefore, the final design 
components of the BCPAs are thus: (1) an 8.38mm (0.33 in.) format board camera encased in an 
aperture box with a M12×0.5 threaded opening; (2) a threaded barrel that was used for seating 
and adjusting the pinhole aperture substrate; and (3) a laser cut pinhole aperture (75 μm 
opening), centered at a specified focal length (3.0 mm) from the camera sensor. A schematic and 
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1. Substrate (9.5mm diameter) with pinhole (75μm 
diameter) 
2. Threaded barrel (M12×0.5, 6.5mm inside diameter) 
3. Aperture box 
4. Video signal and power supply cable 
a photograph of the assembled BCPA are presented in Figures 3.5 and 3.6, respectively. As 
discussed in the section entitled images collected, the BPCA design and fabrication enabled 
images to be collected from inside of the triaxial cell while the cameras were immersed in 















Figure 3.5. Schematic of (a) front view, (b) exploded side view, and (c) exploded orthogonal 













                               
                 
 
 
               



































3.8.1. Video Signal Acquisition 
The video cables of the cameras were connected to a wire harness that was connected to a 
nine-pin feedthrough connector located within the top cap of the triaxial device. The feedthrough 
allowed for electrical signals to travel into and out of the triaxial device. The video wires that 
were connected to the cameras were also connected to the pins on the nine-pin feedthrough 
connector; the opposite sides of the pins were connected to the input channels of an eight-way 
video/audio switch (Maituo MT-VIKI 8 Port VGA Switch). The single video output channel 
from the video/audio switch was then connected to a Universal Serial Bus 2.0 Digital Video 
Adapter (Sabrent USB-AVCPT). Each camera was supplied with external power (DC 12V) from 
a common external power supply (Enercell 3-12VDC 1A AC Adapter) that provided power to all 
of the cameras simultaneously via the nine-pin feedthrough connector. The video feed from each 
of the cameras was subsequently received and displayed by switching the video/audio switch. 
The software that was included with the video adapter (Sabrent USB 2.0 Video Capture Creator 
with Audio) was utilized to capture still frames from the video feed that was obtained from each 
of the cameras.  
3.9. Images Collected  
Still frames, captured from the video feed of a board camera with a lens (located in air 
and immersed within PSF-5cSt silicone oil), are presented in Figures 3.7(a) and 3.7(b), 
respectively. Still frames, captured with the BCPA (located in air and immersed within PSF-5cSt 
silicone oil), are presented in Figures 3.7(c) and 5.7(d), respectively. An example of linear 
distortion in images captured using a lens is evident in Figure 3.7(a) and the inability of the 
camera to collect focused light through the lens to form a real image is displayed in Figure 
3.7(b). As explained previously, because the lens was designed to work in air, the index of 
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refraction of the silicone oil prevented the camera that was fully immersed within oil from 























         
 
Figure 3.7. Still frames captured using a 8.38mm [0.33in.] format CCD board camera with 
1) 3.7mm button lens (55° FOV, M12×0.5 thread) in (a) air, and within (b) PSF-5cSt 
silicone oil, and with 2) 75μm diameter pinhole aperture (attached to a M12×0.5 barrel 
with 6.5mm diameter opening) in (c) air, and within (d) PSF-5cSt silicone oil. 
 
It was determined that the captured light on the far left and far right edges of the images 
collected using the BCPA faded abruptly and completely (as indicated by the areas to the left and 
right of the dashed white lines in Figures 3.7(c) and 3.7(d)). This phenomenon was attributed to a 
combination of physical and optical influences. The aperture barrel material blocked the edges of 
the CCD sensor along the longer (horizontal) side of the CCD sensor (due to the proximity of the 
barrel to the sensor). Thereby, light was prevented from reaching the edges of the CCD sensor 





overcome by enlarging the inside diameter of the threaded barrel. However, it was determined 
that, given the experimental equipment, the dimensions of the shorter (vertical) side of the sensor 
provided sufficient coverage of the object (if the camera was rotated in such a way that the 
camera cable exited from the camera in the horizontal plane as shown previously in Figure 3.4) 
and therefore an increase in the inside diameter of the barrel was not necessary. Furthermore, the 
“airy disk” covered the entire camera sensor so no visible diffraction patterns were present. 
As observed in the comparison between images captured with a lens and those captured 
with a pinhole aperture, there was a significant difference in the amount of light exposure. The 
lens (Figures 3.7(a) and 3.7(b)) allowed for maximum light gathering. The pinhole aperture 
(Figures 3.7(c) and 3.7(d)) allowed for minimal light entry, due to the small size of the opening 
(75 μm (3.94×10-3 in.) diameter). In typical pinhole photography, this minimal amount of light 
entry is commonly overcome with longer exposure times; however, for the type of board camera 
that was used, it was not possible to control the exact exposure time (electronic shutter time 
varied between 1/60 and 1/100 000 s, as per the camera manufacturer). Furthermore, the board 
camera switched into “night mode” (monochromatic light gathering) when the illuminance levels 
dropped below a certain threshold (0.1 lux). Chromatic aberration may have been present in the 
captured images, but it was not possible to detect this type of aberration due to the 
monochromatic nature of the images. Although the lighting was not modified to collect the 
images presented in Figure 3.7, it is recommended that the lighting surrounding the soil sample 
be enhanced and controlled to aid in collection of higher quality imagery. Specifically, utilizing 
two 17.8 cm (7 in.) diameter dome light sources to surround the entire triaxial chamber will 
enhance the imagery. With the aid of the guided camera track system, multiple still frames were 
captured with the individual BCPAs along the length of the soil specimen, at prescribed intervals 
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during rotation around the circumference of the specimen. Because of the overlapping fields of 
view of adjacent BCPAs, in the vertical direction and in circumferential direction, common 
points were acquired within captured images, and the individual geopositions of the cameras 
were calculated, allowing for post-process stitching of the collected images. PhotoModeler (Eos 
Systems, Inc. 2014) was utilized to calculate the photogrammetric properties of the BCPA (Table 
3.1). These properties included the focal length, format size (physical dimensions of the sensor) 
and principal point (intersection between principal axis and image sensor). PhotoModeler was 
also used to determine the geoposition of each of the individual BCPAs. Specifically, the 
positions of the BCPAs were determined by using unique, pre-selected targets that were adhered 
to a 1.5 in. (38mm) diameter by 3 in. (76mm) tall brass specimen and that were automatically 
recognized within the software. The PhotoModeler obtained photogrammetric properties and 
geopositions corresponded well with manual (caliper) measurements. 
 
Table 3.1. Photogrammetric properties of the BCPA. 
Focal length (mm) Format size (mm) Principal point (pixels) 
3.50 5.16 width 2.62 x 
  4.80 height 2.23 y 
 
Using repeatable rotation intervals, and therefore known geopositions of each of the 
individual BCPAs, PhotoModeler was used to match common points within the captured images 
that thus enabled generation of a point cloud for any object that was viewed by the BCPAs. This 
point cloud was then meshed to calculate the dimensions and volume of the viewed object. By 
utilizing this experimental method (PhotoModeler), the volume of the brass specimen that was 
obtained was 91.92 cm3. The volume obtained using manual (caliper, pi tape) measurements was 




A small board camera with a pinhole aperture was designed for deployment inside of a 
triaxial cell to enable measurement of the volume of soil specimens. Because the camera 
components were fully immersed in oil and were located very close to the soil specimen, special 
considerations were accounted for when designing the optical components of the 
photogrammetric instrumentation. To resist the high pressures that are commonly encountered 
within the triaxial cell during triaxial testing (up to 1034 kPa (150 psi)), the silicone oil was 
allowed to enter behind the camera face and to surround the CCD sensor. The relatively high 
refractive index of silicone oil (as compared to the refractive index of air) influenced the light 
entering into the traditional lenses or lens arrays yielding severely out of focus images (because 
the refractive index of the lens or lens array closely matched the refractive index of the lens 
confining fluid). 
Utilizing the Lensmaker’s equation, it would have only been possible to focus an image 
using small lenses with unusually high refractive indices. However, this option was not pursued 
because it was (1) limited by availability, (2) costprohibitive, and (3) required the design and 
fabrication of additional lens mounts and boxes. Instead, the as provided lens that was located 
within the aperture box of each of the board cameras was replaced with a newly created high-
precision pinhole aperture. The pinhole cameras were designed, fabricated, tested, and their 
potential applicability inside of a triaxial cell evaluated. Specifically, high quality images were 
acquired using the BCPA even when the BCPA was placed inside of the triaxial cell, immersed 
in silicone oil, and subjected to high pressures. Furthermore, a guided track system was designed 
to allow for coverage of the entire soil specimen, while deploying the minimal number of BCPAs 
within the triaxial cell. 
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3.10.1. Advantages and Limitations of a BCPA 
In summary, a careful balance existed between resolution, light entry, and field of view. 
To truly optimize the design of the camera, it was necessary to experiment with a variety of 
different pinhole diameters and focal lengths. There are many advantages to BCPAs, two of 
which are an infinite depth of field (including very close depths) and a lack of any of the optical 
aberrations associated with lenses. Other advantages of using a pinhole-type camera are as 
follows: the BPCA: (1) is not adversely affected by the refractive properties of the immersion 
fluid (silicone oil); (2) requires very little space to develop appropriate focal length and requires 
less space than a lens or lens array; (3) may be designed to provide very large viewing angles 
without the need for a lens; and (4) can withstand pressure. The disadvantages are primarily low 
light entry and limited resolution; however, with proper design and fabrication, these 
disadvantages were overcome. By utilizing a BCPA, images were obtained within a triaxial cell 
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CHAPTER 4: DEVELOPMENT OF AN INTERNAL CAMERA-BASED VOLUME 
DETERMINATION SYSTEM FOR TRIAXIAL TESTING 
 
4.1. Chapter Overview 
The development of the internal camera-based volume determination system is described 
in this chapter. The instrumentation presented within this manuscript provided a novel alternative 
to the state-of-the-art of camera-based monitoring of triaxial tests. The individual components of 
the system, the photogrammetric methodology, and preliminary testing of the system are 
detailed. 
The limitations of the included manuscript (Salazar et al. 2015) are discussed in 
Section 4.2. The full citation for this document is included in Section 4.3. The motivation and 
background for the manuscript are described in Sections 4.4, 4.5, and 4.6. Contained within 
Section 4.7 is a detailed description of the camera system, including the mechanical and 
electrical components of the system (Sections 4.7.1 and 4.7.2, respectively). The 
photogrammetric methodology and early results are detailed in Section 4.8. Finally, conclusions 
for this manuscript are presented in Section 4.9.  
4.2. Limitations of the Described Study 
The manuscript contained within this chapter was originally published as a technical note 
in order to follow up the Salazar and Coffman (2015) publication that first introduced the 
internal camera-based volume determination system. The length of the manuscript was therefore 
limited. Although the preliminary testing of the system was described as a "validation process", 
the tests did not include any triaxial tests on soil specimens, nor were the camera-based 
measurements subject to immersion in confining fluid (all tests were performed in an air-filled 
cell only). Furthermore, the photogrammetric methodology that was utilized to determine the 
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volume of a dummy specimen within the testing cell was described in broad terms, but an 
overview of the implementation of the system was provided. 




Salazar, Sean E., Barnes, Adam, and Coffman, Richard A., “Development of an Internal 
Camera-Based Volume Determination System for Triaxial Testing,” Geotechnical Testing 
Journal, Vol. 38, No. 4, 2015, pp. 549-555. doi:10.1520/GTJ20140249. 
 
4.4. Abstract 
A triaxial testing cell was instrumented with an internal camera monitoring system. By 
placing the camera monitoring system inside of the triaxial cell, optical distortions due to 
refraction at the confining fluid–cell wall and cell wall–atmosphere interfaces and the 
curvature of the cell wall were eliminated. The components of the system are presented. 
Furthermore, the photogrammetric techniques that were utilized to analyze the 
photographs that were captured from within the triaxial cell are discussed. The proposed 
methods for acquiring and analyzing the photographs are presented and the potential for 
the inclusion of an internal camera–monitoring system for triaxial testing applications are 
discussed. 
 Keywords: triaxial testing, laboratory equipment, photogrammetry 
4.5. Introduction 
Of the unconventional testing methods (photogrammetry, other digital imaging 
techniques, proximity sensors, x-ray-computed tomography) used to monitor saturated and 
unsaturated soil specimens during triaxial testing, photograph-based measurement is a practical, 
cost-effective, and versatile method. Photogrammetry may be utilized to: (1) characterize the 
failure plane within a soil specimen during testing, (2) monitor the critical cross-sectional area of 
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the soil specimen (bulging or necking behavior), (3) calculate the volume of the soil specimen, 
and (4) calculate the volumetric strain within the soil specimen. Several drawbacks exist with 
current photograph-based instrumentation, namely the optical effects caused by the curvature of 
the cell wall, refraction at the confining fluid–cell wall and cell wall–atmosphere interfaces, and 
optical distortions inherent to lensed cameras. These drawbacks must be overcome and corrected 
using cumbersome models, further complicating the procedure of acquiring and processing 
images.  
As described in Salazar and Coffman (2015), the optical components of internal 
photogrammetric instrumentation (cameras located within the cell fluid on the inside of the 
triaxial cell) for triaxial testing applications were designed, fabricated, and tested to overcome 
the aforementioned drawbacks, as well as to overcome the challenges of internal instrumentation 
(space, confining fluid, focal length, cell pressure, and specimen coverage). Details about the 
photogrammetric system that was placed within the triaxial cell to allow for direct, unobstructed 
observation of a specimen during triaxial testing are presented herein. The system allowed for 
viewing of the entire specimen surface in both the axial and radial directions. Calibration and 
validation of the system was attained by utilizing a photogrammetric technique to digitally 
reconstruct the exterior shape of a specimen with known dimensions. The methodology that was 
employed to reconstruct the exterior surface and the accuracy and precision of the 
photogrammetric measurements are presented and discussed for completeness. 
4.6. Background 
Specimen volume and volumetric strain measurements have historically been calculated 
for soil specimens, during triaxial testing, by utilizing pore fluid volume measurements (Bishop 
and Donald 1961, Ng et al. 2002, Leong et al. 2004). These pore fluid measurements have 
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typically been supplemented with data obtained from axial deformation measurements to obtain 
the average specimen dimensions, during or after testing, by adding or subtracting the 
measurements from the dimensions of the specimen that were manually measured (caliper and pi 
tape) prior to testing. Because the volume measurements have been attained by measuring the 
change in the amount of pore fluid, the measurements have been affected by temperature- and 
pressure-induced flexure of the cell wall and drain lines. Therefore, only estimates, not exact 
values, of volumetric strain have been obtained from these measurements. Likewise, 
conventional axial (Scholey et al. 1995, Cuccovillo and Coop 1997, Ng and Chiu 2001) and 
lateral or radial (Khan and Hoag 1979, Clayton et al. 1989, Bésuelle and Desrues 2001) 
measurements also rely on averaging methods that have not accurately accounted for irregular 
surfaces. Furthermore, past measurements have been limited to global volume changes that 
prevented the characterization of local strains during the development of shear bands, bulging 
bifurcation, or, in the case of extension testing, necking. 
To overcome these limitations, digital imaging techniques, including digital image 
analysis (DIA), digital image correlation (DIC), and particle image velocimetry (PIV), have been 
used to monitor deformations within soil specimens by using external (cameras located outside 
of the triaxial cell) cameras. Specifically, these techniques have been of increasing interest as an 
alternative method to calculate the volumetric strain of soil specimens (Macari et al. 1997, 
Alshibli and Al-Hamdan 2001, Puppala et al. 2004, Rechenmacher and Finno 2004, Ören et al. 
2006, Gachet et al. 2007, Sachan and Penumadu 2007, Önal et al. 2008, Bhandari et al. 2012) 
and to monitor the evolution of shear banding and strain localization (Alshibli and Sture 1999, 
Nübel and Weitbrecht 2002, Gudehus and Nübel 2004, Rechenmacher and Medina-Cetina 2007, 
Sachan and Penumadu 2007). Photograph-based (DIA, DIC, PIV, photogrammetry) 
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measurements have been shown to correlate well with conventional volume measurements of the 
soil specimen within the triaxial apparatus during testing (Macari et al. 1997, Alshibli and Sture 
1999, Alshibli and Al-Hamdan 2001, Gachet et al. 2007, Rechenmacher and Medina-Cetina 
2007, Sachan and Penumadu 2007, Bhandari et al. 2012, Zhang et al. 2015). 
Video feeds and/or still frames of the soil specimens, within the triaxial device, were 
captured with external photographic equipment in all of the aforementioned photograph-based 
measurement studies. For volumetric measurements, the external instrumentation allowed for 
capture of the entire length of the specimen (axial dimension) within a single image; however, 
various methods were employed to capture the entire surface area (lateral dimension) of the 
specimen. These methods included the use of multiple cameras placed at intervals around the 
outside of the cell (Alshibli and Al-Hamdan 2001, Bhandari et al. 2012). In some instances 
(Macari et al. 1997, Gachet et al. 2007), the entire specimen surface was not captured and, 
therefore, it was not possible to capture all of the surface irregularities by assuming specimen 
symmetry. In other instances (Liang et al. 1997, Alshibli and Sture 1999, Sachan and Penumadu 
2007), the entire specimen surface was not captured because only the zone of shear banding 
within soil specimens was investigated and volumetric measurements of the entire specimen 
were not obtained. Because all of these previous methods utilized external cameras, several 
optical challenges were encountered, as described in detail in Bhandari et al. (2012). Zhang et al. 
(2015) presented the first true photogrammetric local and total volume measurements of a 
triaxial specimen. As stated in Zhang et al. (2015), the need for photogrammetry was based on 
the significant limitations and unrealistic assumptions of other photograph-based measurement 
methods (i.e., only local volume was obtained; accurate and precise control of relative camera 
location and camera orientation were required). Although the Zhang et al. (2015) method 
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overcame the limitations of many other photograph-based methods, the Zhang et al. (2015) 
method still required computationally intensive ray tracing and least-squares optimization to 
correct for the curvature of the cell wall, for the deformation of the cell under cell pressure, and 
for light refraction at the confining fluid–cell wall and cell wall–atmosphere interfaces. 
4.7. Internal Camera-Monitoring System 
As described in Salazar and Coffman (2015), a small board camera with a pinhole 
aperture (BCPA) device was developed to acquire photographs from within the triaxial cell. The 
various challenges of utilizing internal photogrammetric instrumentation, namely, space 
requirements, confining fluid, focal length, cell pressure, and specimen coverage, were overcome 
by developing and utilizing the BCPAs. The optical, mechanical, and electrical components were 
considered in the design of the BCPA device and combined BCPA system. Specifically, the 
optical components were presented in Salazar and Coffman (2015), whereas the mechanical and 
electrical components are presented herein. A schematic of the components of the combined 
































        
 
Figure 4.1. (a) Exploded view, and (b) elevation view of the internal components of the 
combined BCPA monitoring system. 
 
4.7.1. Mechanical Design 
Multiple BCPA devices were employed to enable photographic coverage of the entire 
surface of the specimen (during consolidation and shearing up to 15 % axial strain in triaxial 
compression or triaxial extension). Given the vertical viewing angle of each of the individual 
BCPAs (approximately 73º), the BCPA devices were stacked to allow for overlapping fields 
of view along the length of the specimen in the axial direction. To minimize the required 
number of BCPAs, a rotating platform was designed and fabricated to allow for several 
overlapping images at  each  point  around  the  specimen  in  the  radial  direction. Because of 
the presence of two diametrically opposed vertical drain lines within the triaxial cell, which 
enable drainage from the top of the specimen through the top platen, a full 360º revolution of 
a single BCPA tower was not possible. Therefore, two diametrically opposed BCPA towers 
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were required, and the towers were rotated between the two drain lines. Each tower 
rotated with 155º of rotation. Given the horizontal fields of view of the individual BCPA 
devices and the required image overlap for photogrammetric processing, the towers were 
rotated around the specimen and the towers were stopped at a desired degree interval to 
acquire images. 
To  facilitate  smooth  and  precise   rotation  of  the  two BCPA  towers  around  the  soil 
specimen,  the   rotating platform utilized a stiff, low-friction, thermoplastic material 
[polyoxymethylene (Delrin)], and an L-shaped slot design. A 25.4 mm x 25.4 mm x 12.7 mm 
[1 in. x 1 in. x 0.5 in.] neodymium magnet (52 MGOe) located on the outside of the cell was 
circumferentially rotated around the outside of the cell wall to pull a 6.35-mm [0.25-in.] 
diameter neodymium magnet, which was mounted to the base of one of the BCPA towers, 
causing the towers to rotate circumferentially around the vertical axis. 
4.7.2. Electrical Design 
Signals were passed into and out of the triaxial cell through the top cap of the cell by 
utilizing a pinned throughput connector (as previously described in Salazar and Coffman 
2014). Video, power, and ground wires were connected in such a way as to reduce the 
required number of pin connections because of the large number of BCPA devices that were 
employed (ten). The video and ground wires from each of the BCPA towers were connected 
to common outputs, and the power wires from each BCPA were connected to a power control 
switchboard (Figure 4.2), which allowed for only one BCPA to be powered at a given time 
(thereby avoiding any video output feedback through the common grounding). Power was 
individually supplied to each of the BCPA devices by increasing the amount of current that was 
supplied to each transistor on the switchboard. Specifically, power was supplied to a given 
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1.   Capacitor (200 V, 100 μF) 
2.   Standard timer  
3.   Voltage regulator (1.2-37 V) 
4.   Power (BCPA devices, 3.7 V) 
5.   Transistors (222 A) 
6.   Sequencing counter (650 ns) 
7.   Capacitor (50 V, 10 μF) 
8.   Common ground 
9.   Power (switchboard, 6.0 V) 
10. Variable resistor (timing, 10-20 sec.) 
 
 
BCPA when the amount of current matched a given transistor. The user then acquired still 
frames from the video feed when a desired BCPA device was powered. The power to the 
switchboard was supplied via an AC to DC converter (6 V; maximum 1 A). The voltage 
regulators on the switchboard conditioned the power to the requisite level (3.7 V) for the BCPA 
devices. The video feed was collected using a desktop computer via a USB interface video 
adapter (Sabrent USB-AVCPT). The still frames were captured and stored by utilizing video 
software (Ulead VideoStudio). A wiring diagram of the entire data collection system is presented 
in Figure 4.3. 
 
 
                               




























































































































































    
Figure 4.3. Wiring diagram of the photogrammetric instrumentation. 
 
4.8. Photogrammetric Methods and Results 
The following process (Figure 4.4) was utilized to calibrate and validate the camera 
monitoring system and to reconstruct a digital three-dimensional model of a brass test specimen 
with nominal dimensions of 3.81 cm (1.5 in.) in diameter by 7.62 cm (3.0 in.) in length. (1) Each 
BCPA device was calibrated by capturing a series of images of a printed PhotoModeler 
Computer and image 
acquisition program 
Throughput pin connector 
Universal serial bus 
(USB) video adapter 
Switchboard 
Direct current 







Common ground splice 





calibration grid. The images of the calibration grid were subsequently analyzed using the 
PhotoModeler Scanner software (PhotoModeler Scanner 2015) to obtain the necessary intrinsic 
camera parameters (focal length, sensor format size, and principal point) of the BCPA. (2) 
PhotoModeler coded targets [ringed automatically detected (RAD)] were adhered to the side of 
the aforementioned brass specimen, and the specimen was placed on a flat surface where 
additional RAD targets were adhered to the surface on which the specimen rested (96 targets 
total). A previously calibrated digital single lens reflex (DSLR) camera (Canon 5D Mark II with 
fixed 28mm Nikkor lens) with known properties (aperture controlled, f/13, ISO 1250, 28mm 
fixed lens, and as calibrated using a PhotoModeler calibration grid) was used to capture images 
of all sides of the specimen. Each RAD target was captured in a minimum of four images. (3) 
The DSLR-acquired images were processed using the PhotoModeler software, and the center of 
each target was precisely surveyed to within 0.2mm (0.0079 in.). (4) The same brass specimen, 
with the same adhered targets, was then placed within the triaxial cell, and the target-covered 
surface was captured using the BCPA devices that were mounted on the two towers. Five-degree 
intervals were utilized to acquire a total of 320 images. As shown in Figure 4.5, adjacent images 
were overlapped in both the axial and radial directions. (5) The common control points within 
the DSLR and the BCPA images (see a12, b21, c32 in Figure 4.5) were used to 
photogrammetrically derive the location and orientation of each of the individual BCPA devices, 








Figure 4.4. (a) PhotoModeler camera calibration grid, (b) DSLR-acquired survey images 
(control point identification), (c) BCPA-acquired calibration images (camera location and 
















Figure 4.5. Vertically and horizontally overlapping photographs captured with two 












To determine the practical range of rotation intervals (number of stations during rotation), 
specific sets of the captured images were removed from the total 320 images (as captured from 
the 5º rotation interval). Specifically, the locations and orientations of BCPA devices were 
derived by using different intervals (45º, 30º, 15º, and 5º rotation intervals). Three-dimensional 
recreations from the PhotoModeler software, of the calibration specimen surface (control points) 
and BCPA device locations and orientations within the triaxial cell, are shown in Figure 4.6. 
Photographic measurements obtained from the software, based on the DSLR survey, were 
utilized to calculate a volume for the brass test specimen. A volume of 91.58 cm3 was obtained, 
which corresponded to an estimated difference of 0.34 % when compared to the volume 
calculations that were obtained from manual measurements (caliper and pi tape). Given 
repeatable positioning of the BCPA towers at a desired rotation interval, the derived location and 
orientation values for the individual BCPA devices were able to be used, in conjunction with 
PhotoModeler software, to measure points on the surface at any axial strain level, for any soil 
specimen that was tested within the triaxial cell. The measured points resulted in a point cloud 
that was then used to identify the surfaces of the given specimen. The point cloud was then 
exported from PhotoModeler Scanner and imported into Geomagic Design 3D software 










Control point obtained from DSLR survey, used to identify the locations of the BCPA devices 



































             
                          
 
 
             
 
Figure 4.6. Photogrammetric reconstruction of BCPA device locations within the triaxial 
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Internal photogrammetric instrumentation was designed and implemented for triaxial 
testing applications. The mechanical and electrical components of the BCPA instrumentation 
were presented and the utilized photogrammetric techniques were discussed. The calibration and 
validation processes for the system were also described. Based on preliminary findings, use of an 
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CHAPTER 5: DISCUSSION OF "A PHOTOGRAMMETRY-BASED METHOD TO 
MEASURE TOTAL AND LOCAL VOLUME CHANGES OF UNSATURATED SOILS 
DURING TRIAXIAL TESTING" BY ZHANG ET AL., 2015 
 
5.1. Chapter Overview 
The Zhang et al. (2015) publication was discussed in this chapter. The Zhang et al. (2015) 
manuscript contained a description of a photogrammetric method for determining total and local 
volume changes of soil specimens during triaxial testing. Like the other camera-based triaxial 
monitoring techniques found in the literature, Zhang et al. (2015) used cameras external to the 
testing cell and therefore had to account for refraction effects and limited visibility of test 
specimens through the cell wall. Despite this difference, the manuscript caught the attention of 
the author, because of the similarities in the photogrammetric processing of results. This 
manuscript echoes the Zhang et al. (2015) discussion of the limitations of non-photogrammetric 
methods for determining triaxial specimen volume, describes the limitations of the Zhang et al. 
(2015) work, and offers comparison with the methodology presented in Salazar and Coffman 
(2015) and Salazar et al. (2015).    
The full citation for this manuscript (Salazar and Coffman 2015) is included in Section 
5.2. The discussion is presented in Section 5.3, which includes discourse on the apparent 
improper triaxial testing techniques of the Zhang et al. (2015) publication (Section 5.3.1), a 
discussion of the cell wall deformation corrections and least-square optimization (Section 5.3.2), 
and photogrammetric methods (Section 5.3.3). 
5.2. Discussion of "A Photogrammetry-based Method to Measure Total and Local Volume 
Changes of Unsaturated Soils During Triaxial Testing" by Zhang et al., 2015 
 
Reference 
Salazar, S. E. and Coffman, R. A., “Discussion of ‘A Photogrammetry-based Method to Measure 
Total and Local Volume Changes of Unsaturated Soils During Triaxial Testing’ by Zhang et al.” 





Zhang et al. (2015), in the paper entitled ‘‘a photogrammetry-based method to measure 
total and local volume changes of unsaturated soils during triaxial testing,’’ presented a method 
for measuring the volume and strain of saturated and unsaturated soil specimens during triaxial 
tests. Specifically, the presented method utilized a single, external digital camera, to capture 
images of a triaxial testing apparatus and of the corresponding soil specimen within the cell. 
Photogrammetric analyses were performed using commercially available photogrammetry 
software. Utilizing the Zhang et al. (2015) modeling technique, ringed automatically detected 
(RAD) coded targets were utilized to locate common points within each of the captured images, 
and then, photogrammetry techniques were employed to assign physical, three-dimensional, 
coordinates to each of the points.  
A comprehensive and categorized review of triaxial volume measurement methods that 
were found in the literature was presented in the Zhang et al. (2015) article. The methods that 
have been previously utilized to measure the volume of saturated and unsaturated soil specimens, 
during triaxial testing, were presented in a clear and concise manner by citing advantages and 
disadvantages, accuracy, and costs associated with each method (Table 1 within Zhang et al. 
(2015)). Furthermore, the current state of the art of photograph-based measurements was 
explained. As stated in Zhang et al. (2015), the validity of other photograph-based volume 
measurements [digital image analysis (DIA), digital image correlation (DIC), and particle image 
velocimetry (PIV)] suffer from unrealistic, fundamental assumptions and limitations. 
Specifically, the DIA methods require accurate and precise control of the relative camera 
location and of the camera orientation relative to the triaxial cell soil specimen. The DIC and 
PIV methods typically cannot provide total volume measurements; however, Bhandari et al. 
75 
 
(2012) utilized the DIC method and overcame some of the difficulties associated with DIC 
methods to provide viable results. However, the need for true photogrammetry to accurately 
measure local and global volumes of saturated and unsaturated soil specimens was presented by 
Zhang et al. (2015). Moreover, each of the steps of the photogrammetric process was thoroughly 
explained. The methods presented in Zhang et al. (2015) are a valuable contribution to the 
literature because the methods may be used to: measure total volume, measure local volume 
changes (Figure 19 within Zhang et al. (2015)), and illustrate strain localization and shear 
banding within soil specimens during triaxial testing. However, Zhang et al. (2015) do not 
expound upon the limitations of the presented method. These limitations include the use of: (1) 
improper triaxial testing procedures and (2) photogrammetric cell wall deformation 
measurements combined with least-square optimization to obtain corrected ray path 
measurements. 
5.3.1. Improper Triaxial Testing Techniques 
An internal load cell should be utilized in triaxial testing to prevent the need for piston 
uplift and piston friction corrections. Silicone oil, instead of water, is commonly used within the 
cell, as the cell fluid, when an internal load cell is utilized. The index of refraction for silicone oil 
differs from the index of refraction for water, which may affect the observed results in a similar 
manner to that shown for difference in the indices of refraction for air and water that is presented 
in Figure 1 of the Zhang et al. (2015) article. Furthermore, because of the use of an external 
camera, the cleanliness of the acrylic cell wall (which can be compromised within a soil 
mechanics laboratory) may also affect the results. 
Although Zhang et al. (2015) utilized an impressive back pressure saturation technique in 
which the sand was infused with CO2 and then subjected to 400 kPa of back pressure to obtain a 
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B value of 0.98, the back pressure saturation technique was for naught because the cell pressure 
was reduced from 435 to 100 kPa and the back pressure was reduced from 100 to 0 kPa prior to 
shearing. The reduction in cell pressure and back pressure most likely resulted in effervescence 
of the pore fluid and therefore desaturation of the sand specimen to an unknown state of suction 
within the soil specimen. Thereby, even though higher cell pressures (600 kPa) were utilized to 
determine the accuracy of the method, these pressures were not utilized for the triaxial testing of 
the soil specimens. This brings into question whether the Zhang et al. (2015) method will work if 
the cell is pressurized under high cell pressures that are commonly required to back pressure 
saturate and overconsolidate clay specimens (1035 kPa). 
5.3.2. Utilization of Cell Wall Deformation Combined with Least-Square Optimization 
The Zhang et al. (2015) method utilized images that were captured from outside of the 
cell. Therefore, ray tracing was required to correct for the refraction effects of the light (1) at the 
confining fluid–cell wall interface and (2) at the cell wall–air interface. Additionally, the method 
considered deflection of the cell wall during pressurized tests by including RAD-coded targets 
that were adhered to the outer surface of the cell wall and to the load frame (considered fixed 
control points for reference purposes). It was assumed that the cell wall deformed in a uniform, 
radial pattern. Furthermore, deformation of the cell wall was not considered above 600 kPa, even 
though typical triaxial tests may reach confining fluid pressures above 1000 kPa. It is suggested 
that the correction for cell wall flexure be characterized for a full range of pressures that are 
commonly achieved during a typical triaxial test (up to 1035 kPa for acrylic cell walls). 
Furthermore, it may be a useful contribution to show a sensitivity study of the photogrammetric 
method as applied to multiple optical media.  
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In Section 2.1.1, Zhang et al. (2015) identified the problems associated with the 
utilization of the measurement of the cell fluid for determining the volume change of a triaxial 
specimen. However, Zhang et al. (2015) utilized a similar method, albeit in the form of a 
photogrammetric correction instead of a calibration procedure, to account for the change in the 
ray path that is associated with the cell wall deformation during pressurization/depressurization 
of the cell wall deformation under a constant applied pressure (creep). Moreover, the camera that 
was utilized was a lensed camera. Before analysis of captured images, photogrammetric software 
was used by Zhang et al. (2015) to correct for lens distortions (thereby modeling the lensed 
camera as a pinhole camera). 
Recently, as presented in Salazar and Coffman (2015a, 2015b), a triaxial insert board 
camera pinhole aperture (BCPA) camera system was developed by researchers at the University 
of Arkansas. Although utilization of eight cameras was presented in the Salazar and Coffman 
(2015a) article, the system was further modified to consist of ten small cameras (five cameras per 
tower, with the two towers being diametrically opposed), as presented in Salazar and Coffman 
(2015b). Two towers were required because the drainage lines for the top platen prevented a full 
360º rotation of only one tower. Therefore, using the BPCA tower system, ten photographs were 
acquired at a given position, while each of the towers completed a 155º rotation around the 
specimen. The BCPA system was fully submerged in the silicone confining fluid, and the BCPA 
was capable of being saturated and pressurized under pressures of up to 1035 kPa. Therefore, the 
BCPA system enabled testing conditions that were similar to those that are commonly used 
instead of requiring that the cell pressure and back pressure be reduced prior to shearing. The use 
of the BPCA camera system: (1) reduces the complicated geometry of the camera location and 
orientation by utilizing photogrammetry to derive the exact camera location and orientation, (2) 
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does not require determination of the best fit of the shape and location of the acrylic cell, (3) 
does not require ray tracing or Snell’s law because the photographs are acquired from within the 
cell fluid, and (4) provides an alternative to externally acquired photogrammetric methods. 
5.3.3. Testing Procedures and Photogrammetric Methods 
Zhang et al. (2015) performed isotropic compression tests for a stainless steel specimen 
to measure the accuracy for the photogrammetry method. Tests were performed on a 5.08 cm 
diameter by 10.16 cm tall stainless steel specimen that was tested within a 10.16 cm diameter by 
20.32 cm tall acrylic cell with a 0.61 cm thick cell wall that had a refractive index of 1.491. 
Approximately 50 photographs were acquired for each testing condition (0 kPa in air without cell 
wall; 0, 200, 400, 600 kPa in water), by taking at least five photographs from different 
orientations for each area/point of interest to ensure ‘‘sufficient overlap between adjacent 
pictures.’’ Targets numbering 16, 218, and 336 were utilized to identify the load frame, acrylic 
cell, and stainless steel specimen, respectively. 
Drained triaxial tests were also performed on a saturated sand specimen to determine the 
total and local volume measurements of the specimen during the triaxial tests. Unlike the triaxial 
cell that was utilized for the isotropic compression tests on the stainless steel cylinder, a larger 
triaxial cell with larger specimens and fewer targets was used for the triaxial tests conducted on 
the saturated sand specimens. Specifically, a 7.1 cm by 13.7 cm specimen was tested within a 
16.51 cm diameter by 30.48 cm tall triaxial cell that had a cell wall thickness of 0.97 cm and a 
refractive index of 1.491. Also, 174 and 176 targets were utilized to identify the acrylic cell and 
sand specimen, respectively, within the 25 photographs that were acquired for each testing 
condition (at every 2–3 mm of vertical displacement…until a total displacement of 15 mm is 
reached). The reason for using 336 targets adhered to the specimen was never explained, nor 
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justified. Furthermore, it was not clear how point capture redundancy eliminates any assumptions 
regarding the specimen deformations. This statement requires further explanation. A parametric 
study of the accuracy achieved, for different numbers of points utilized, would be a useful 
contribution to the literature and would help other researchers make decisions on the level of 
refinement required to achieve a desired level of accuracy. Also, a parametric study would aid in 
determining the minimum number of targets required to measure the total and local volumes of 
specimens. Although the results presented by Zhang et al. (2015) would indicate that the method 
is capable of achieving high accuracy (<0.25 % error), the method is computationally intensive, 
due to the effects of refraction and cell wall deformation.  
At the University of Arkansas, researchers performed tests on a brass specimen with 
nominal dimensions of 3.8 cm in diameter and 7.6 cm in height that contained 273 targets; 
thereby, the University of Arkansas specimen was smaller than the specimen used by Zhang et 
al. (2015) and contained more targets on the surface of the soil specimen. Each of the drainage 
lines prevented direct viewing of 25º of the specimen; however, the photos collected near the 
drainage lines allowed for points within these locations to be viewed in at least six photos, 
instead of the customary ten photos that were used for the other points. In addition to the tests on 
a brass specimen, at various times during triaxial tests on soil specimens [prior to confinement, 
during back pressure saturation, prior to consolidation, during consolidation, after consolidation, 
and during shearing (1, 3, 6, 9, 12, and 15 % axial strain)], photographs were obtained by 
rotating the towers at a desired increment ranging from a minimum of 45º increments to a 
maximum of 5º increments. Specifically, ranging from a minimum of 40 pictures per observation 
(10 pictures per increment, and 4 increments) to a maximum of 320 pictures per observation (10 
pictures per increment, and 32 increments), respectively. 
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The same procedures that were utilized by Zhang et al. (2015) for the image analysis in 
air are common accuracy prediction methods, and these procedures were also utilized by Salazar 
and Coffman (2015b). However, the Salazar and Coffman (2015b) method offered a viable 
alternative to the Zhang et al. (2015) method, by placing photogrammetric equipment within the 
triaxial cell instead of outside of the triaxial cell. The lensless camera equipment that was 
devised by Salazar and Coffman (2015a) allowed for direct, unobstructed observation of a 
specimen during testing. Therefore, computationally intensive corrections to account for the 
effects of refraction through multiple types of media and deformation of the cell wall were 
eliminated. In a similar fashion to the Zhang et al. (2015) method, the Salazar and Coffman 
(2015b) method utilized the same principles of photogrammetry (using PhotoModeler Scanner 
software (Eos Systems, Inc. (2015)) and RAD-coded targets to create a point cloud of the 
specimen surface. In the Salazar and Coffman (2015b) method, the point cloud was then meshed 
to obtain an accurate, three-dimensional reconstruction of the specimen, whereupon the mesh 
was imported into Geomagic Design software (3D Systems, Inc., 2015) to calculate the volume 
of the specimen. The volumetric strain was then obtained by subtracting the volume of the 
specimen at various times from the initial volume and then dividing by the initial volume. 
Whereas Zhang et al. (2015) utilized a proprietary program (PhotoSoilVolume) to handle the 
cumbersome optical correction process through to volume calculation, the Salazar and Coffman 
(2015b) method required only commercially available software to calculate total specimen 
volumes. As described in Salazar and Coffman (2015a), the optical components of internal 
photogrammetric instrumentation were designed, fabricated, and tested for triaxial testing 
applications to overcome the aforementioned drawbacks of external methods. The cameras were 
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also designed to overcome the challenges of internal instrumentation (space, confining fluid, 
focal length, cell pressure, and specimen coverage). 
In summary, the contribution produced by Zhang et al. (2015) is significant and provides 
an advancement of the state of knowledge of external photograph-based measurements of triaxial 
specimens. However, the use of internal cameras like those presented in Salazar and Coffman 
(2015a, 2015b), instead of an external camera, is suggested to further advance the 
photogrammetric technique. Specifically, the use of internal cameras will facilitate a reduction in 
computational demands by (1) eliminating the need for a cell deformation/position correction 
and by (2) eliminating the need for ray tracing and least-square optimization. Although the 
Salazar and Coffman (2015b) method is less computationally costly than the method presented 
by Zhang et al. (2015), the cost and reproducibility of required photogrammetric equipment are 
approximately equivalent. Therefore, it appears that the Salazar and Coffman (2015a) method is 
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CHAPTER 6: CLOSURE TO "DISCUSSION OF 'DEVELOPMENT OF AN  
INTERNAL CAMERA-BASED VOLUME DETERMINATION SYSTEM FOR 
TRIAXIAL TESTING' BY S. E. SALAZAR, A. BARNES, AND R. A. COFFMAN"  
BY MEHDIZADEH ET AL., 2016 
 
6.1. Chapter Overview 
 
A closure to the Mehdizadeh et al. (2016) discussion paper is provided in this chapter. 
The closure addresses queries that were raised by the discussion paper and clarifies the apparent 
ambiguities of the previously described Salazar et al. (2015) technique. The manuscript also 
provides additional testing data that shed light on the effect of pausing a triaxial test for short 
periods of time (at desired axial strain intervals) to capture photographs of the surface of the 
specimen. The full citation for this manuscript (Salazar et al. 2017) is included in Section 6.2 and 
the body of the closure is presented in Sections 6.3 and 6.4. 
6.2. Closure to “Discussion of ‘Development of an Internal Camera-Based Volume 
Determination System for Triaxial Testing’ by S.E. Salazar, A. Barnes, and R.A. Coffman” 
by Mehdizadeh et al., 2016 
 
Reference 
Salazar, S. E., Barnes, A., and Coffman, R. A., “Closure to “Discussion of ‘Development of an 
Internal Camera-Based Volume Determination System for Triaxial Testing’ by S. E. Salazar, A. 
Barnes, and R. A. Coffman” by A. Mehdizadeh, M. M. Disfani, R. Evans, A. Arulrajah, and D. E. 




The discussion paper, written by Mehdizadeh et al., provided discourse on a 
technical note entitled “Development of an Internal Camera-Based Volume Determination 
System for Triaxial Testing,” which presented a novel technique of photographically 
monitoring soil specimens during triaxial tests by utilizing small board cameras internal to 
the triaxial cell. Here, a closure to the discussion paper was provided; queries raised by the 
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discussers were addressed, ambiguities were clarified, and additional testing data to support 
the closure were provided. 
Keywords: triaxial testing, photogrammetry, volume measurement, local deformation 
6.4. Introduction 
The authors appreciate Mehdizadeh et al. (2016), herein after referred to as the 
discussers, for their interest in the technical note entitled “Development of an Internal 
Camera-Based Volume Determination System for Triaxial Testing.” The authors believe 
that the discussers (1) primarily wished to highlight the ambiguities contained within the 
technical note, while also pointing to the work of Uchaipichat et al. (2011), and (2) offered a 
simple solution to deal with optical distortion corrections. In this closure, the authors 
addressed the comments put forth by the discussers, in the order in which they appeared in 
the discussion paper, to clarify the ambiguities within the original technical note. 
The discussers mentioned that Uchaipichat et al. (2011) monitored the volumetric 
strain of a soil specimen during a triaxial compression test with the aid of only two cameras 
(external to the confining cell). However, the authors agree with Uchaipichat et al. (2011) 
that the digital image analysis method that was employed by Uchaipichat et al. (2011) 
cannot be used to reliably determine the specimen volume in the case of nonuniform 
deformation. The volume cannot be accurately measured using this technique because the 
camera setup does not capture localized strain (such as observed in shear banding) and relies 
heavily on averaging around the circumference of the specimen. While the Uchaipichat et al. 
(2011) method may be accurate enough for some applications (such as determining the total 
volumetric strain or approximating the radial deformation at mid-height), the technique may 
not be suitable for applications where it is desired to determine absolute sample volume or 
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to characterize the development of local deformations (by tracking individual targets on the 
specimen surface). Although Uchaipichat et al. (2011) showed that the averaging technique 
correlated well with the burette measurements for the test presented in the manuscript, the 
use of only one frontal view image and one side view image cannot do justice in every case, 
especially in the case of non-uniform deformation. 
The discussers’ demonstration that the need to account for the “distortion of light, 
cell curvature, and camera lens” could be eliminated altogether by basing all relative 
measurements on a point of reference is intriguing. The authors commend Uchaipichat et al. 
(2011) and the discussers for avoiding cumbersome corrections for optical distortions; 
however, this simple calibration procedure can only be used to determine changes in total 
specimen volume relative to an a priori volume. It is not clear how the initial volume of the 
specimen would be obtained with sufficient accuracy to allow for any absolute 
measurements before, during, or after the test. Any initial volume measurements, however 
meticulous, would be for naught once the specimen was placed inside of the cell and set up 
for testing (i.e., piston contact with specimen, filling of the cell with confining fluid). 
Furthermore, it is not clear how the discussers suggest to correct for cell wall deformation 
during tests when the confining pressure in the cell changes throughout the stages of testing 
(during back pressure saturation, consolidation, and shearing). As listed in Table 1 in 
Salazar and Coffman (2014), there are four stress paths where the cell pressure changes 
during the shearing stage. Moreover, Zhang et al. (2015a) and Salazar and Coffman (2015b) 
documented that the amount of cell wall deformation might be a significant factor when 
tracing rays through the media surrounding the specimen (confining fluid, cell wall, air). 
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The discussers noted correctly that due to the limited field of view for each of the 
board camera devices that were presented in Salazar et al. (2015), the size of the observed 
specimens was limited to nominal dimensions of 38.1-mm in diameter and 76.2-mm in 
height. The triaxial stress path testing performed at the University of Arkansas is primarily 
for stress-strain behavior to derive parameters required for constitutive modeling. The 
specimens that are typically tested are primarily soft soils that have been (1) trimmed from a 
Shelby tube sample, or (2) reconstituted in one of the 38.1-mm diameter, static weight slurry 
consolidometers (in a similar fashion to Zhao and Coffman (2016) and Zhao et al. (2016)) 
prior to K0 reconsolidation within the triaxial cell. Furthermore, this smaller specimen size is 
favored because it allows for reduced consolidation time over larger specimen sizes. It 
should alleviate the discussers’ concern to know that the internal photogrammetry system 
could easily be adapted to larger cells and testing of larger specimens. In fact, a larger cell 
would allow for more space between the specimen and camera tower, increasing the vertical 
and horizontal area viewed by each camera. This could also serve to reduce the number of 
internal board cameras required, thereby reducing the number of images captured and the 
amount of photogrammetric processing required. 
The system presented in Salazar and Coffman (2015a, 2015b) and Salazar et al. 
(2015) is neither overly complicated nor costly (especially as compared to a DSLR camera 
and lens). However, it does require knowledge of photogrammetry for implementation. The 
term “photogrammetry” was misused throughout the discussion by Mehdizadeh et al. 
(2016); the term “photogrammetry” was interchanged with other photographic methods 
(including digital image analysis and digital image correlation). Salazar and Coffman 
(2015a, 2015b), Salazar et al. (2015), as well as Zhang et al. (2015a, 2015b), have proposed 
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that the application of photogrammetry (or more accurately, stereophotogrammetry) is more 
robust than other digital imaging techniques for determining the total- and local- radial, 
axial, and volumetric strains. Specifically, photogrammetry overcomes the weaknesses of 
other photographic methods while becoming increasingly easier to apply with the increasing 
availability of various commercial and open-source photogrammetry processing software 
packages. In addition, other photogrammetric methods, including open-source structure 
from motion (SfM) and multi-view stereo (MVS) applications, using more recently 
developed computer vision techniques, merit further investigation. Unlike the 
stereophotogrammetry technique that was discussed in Salazar et al. (2015,2016), no prior 
camera calibrations would be required using the MVS technique. Therefore, overall 
processing times (even for the relatively large number of images captured with the internal 
camera based system) would be dramatically reduced, and the reconstructed 3D model 
would contain more surface detail (Furukawa and Hernández 2013). 
The discussers also mentioned that the use of silicone oil for the confining fluid, in 
place of water, would necessitate the use of specialized flow pumps that are not commonly 
available. In fact, the adaptation of silicone oil as confining fluid has become commonplace 
in research laboratories that utilize internal load cells, and there are several triaxial apparatus 
manufacturers that sell flow pumps for this very purpose. As an aside, the internal load cells 
are necessary in advanced triaxial stress path testing programs to account for the effects of 
piston uplift and piston friction (Race and Coffman 2011, Salazar and Coffman 2015b). The 
authors agree with the discussers that the choice of confining fluid has no particular impact 
on external photography of the triaxial specimen (as long as the fluid is not opaque and the 
index of refraction is taken into account). It was previously highlighted that the adaptation 
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of open-body internal camera equipment was made possible by the already in-place practice 
of using inert silicone oil as a confining fluid. The oil allows the camera devices and 
associated electronics to be fully saturated and fully submerged in the confining fluid 
without becoming damaged. Furthermore, the open-body style of the board cameras has 
been proven to eliminate any pressure differentials by allowing the fluid to fill the lensless 
cameras, including behind the pinhole aperture (as explained in Salazar and Coffman 
2015a). This open body is a key design element of the camera devices, as it would be 
impractical (and perhaps even impossible) to design compact, waterproof camera housings 
capable of withstanding the pressures that are present within the confining cell during a 
typical triaxial test. Furthermore, due to the lack of difference in indices of refraction 
between the lens and the fluid, the authors’ discussion of confining fluid, as related to 
refraction, was only provided to highlight the fact that the use of a lens submerged within 
the fluid does not function as intended. Specifically, the index of refraction of a typical lens 
is around 1.5 (depending on the material), which is too close to the index of refraction of 
water (around 1.33) or silicone oil (1.397, as tested). The refraction of light through a lens in 
air requires a larger difference (i.e. the index of refraction of air is approximately 1.0). 
Therefore, the use of a lensless design was necessary to function within the cell; the 
elimination of typical distortions associated with lenses was a fortuitous side-effect, 
resulting in less corrections during photogrammetric calibration and processing. The use of a 
lensless camera design is not without problems, due to the necessity of having good lighting 
to allow the camera sensors to collect data and to reduce vignetting at the edges of the 
image. However, proper lighting is still a key factor in collecting quality data when using 
external DSLR photography. 
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The authors commend the discussers for their approach to demonstrating a simple 
and practical method of monitoring a triaxial specimen from the exterior of the cell, by 
following the Uchaipichat et al. (2011) method. Particularly, the authors appreciate the 
discussers’ use of stainless steel calibration specimens with known dimensions for 
reference, as this practice is currently missing from the available body of literature for 
photographic observation of triaxial specimens. In a similar fashion, the authors have 
performed multiple comparison tests using brass and acrylic specimens with known 
dimensions to validate the internal photogrammetry technique. The results of these tests 
were documented in Salazar et al. (2016). Furthermore, the authors have continued on to 
demonstrate the capabilities of the internal photogrammetry approach by monitoring soil 
specimens during triaxial compression and extension tests (Salazar et al. 2016). Because no 
universal comparison exists to assess the error for new volume measurement techniques 
(and often there is no comparison to an external reference at all), the authors have attempted 
to evaluate the difference in measured volume from a reference measurement. In Table 1 of 
Salazar et al. (2016), a series of volume measurements for an acrylic specimen was 
presented. The volume of the acrylic specimen was determined using a water displacement 
technique (by adapting the Proctor mold volume determination method from ASTM D698-
12e2), manual measurements using a pi tape and calipers, 3D scan measurements, external 
DSLR photogrammetry (camera located outside of cell, in air), and internal photogrammetry 
(cameras located in cell filled with silicone oil confining fluid). The measured volume of the 
acrylic specimen, determined using the internal photogrammetry approach, fell within 0.13 
% difference from the reference volume. Although the reference measurement technique for 
this example was the water displacement technique (because it was based on an ASTM 
90 
 
standard), the measured volumes of the acrylic specimen fell within 0.5 % of the reference 
for all five volume determination techniques. 
The discussers commented that the Salazar et al. (2015) technique required rotation 
of the camera tower platform around the specimen to capture images of the entire surface. 
To ensure that there were no changes to the specimen during the image-capturing process, 
the test was paused at the desired intervals. The authors concede that the acquisition of the 
necessary images may be time-consuming; however, the short pauses during a test did not 
cause problems in the stress path for the test (Figures 6.1 and 6.2) and excess pore water 
pressure returned to the prescribed behavior after each pause during the test (Figure 6.3). 
Furthermore, an advantage of the technique is that the camera towers may be rotated to 
occupy any desired rotation interval around the specimen. Therefore, the acquisition time 
and subsequent processing time may be significantly reduced with a reduced number of 








Figure 6.1. Comparison of deviatoric stress as a function of mean stress for a reduced 
triaxial extension test with pauses and without pauses for capturing photographs. 
 
 
       
Figure 6.2. Comparison of deviatoric stress as a function of axial strain for a reduced 
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Figure 6.3. Comparison of excess pore water pressure development as a function of axial 
strain for a reduced triaxial extension test with pauses and without pauses for capturing 
photographs. 
 
It was mentioned that during the photographic reconstruction of the stainless steel 
weights, the discussers experienced some difficulty establishing the specimen edges within 
the cell. The advantage of the photogrammetry techniques presented in Zhang et al. (2015a) 
and Salazar et al. (2015) is that the long edges (profile) of the specimen need never be 
established, because photogrammetry allows for the triangulation of individual points on the 
surface of the specimen in 3D space. However, similar to the discussers’ experience, the 
authors have also had some difficulty in establishing reliable points on the ends (top and 
bottom) of the specimen. This difficulty was overcome by manually picking common 
marker points, within each photo, along the top and bottom edges of the specimen within the 
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As mentioned in Salazar and Coffman (2015b), the authors share the discussers’ 
concerns that cell wall cleanliness and obstruction due to triaxial cell apparatus (frame rods, 
cell wall confining rings) are factors not to be overlooked when photographically 
monitoring specimens from the exterior of the cell. However, the discussers successfully 
demonstrated that the volumetric strain of a triaxial sample could be determined to a 
reasonable level of accuracy without having to take into account cumbersome corrections: 
(1) for optical distortions due to light refraction at the confining fluid-cell wall and cell wall-
air interfaces, and (2) due to cell wall curvature. The authors suggest that for future 
applications, where only relative measurements are of interest to the discussers, more 
camera positions should be utilized within the Uchaipichat et al. (2011) methodology to 
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CHAPTER 7: VERIFICATION OF AN INTERNAL CLOSE-RANGE 
PHOTOGRAMMETRY APPROACH FOR VOLUME DETERMINATION  
DURING TRIAXIAL TESTING 
 
 
7.1. Chapter Overview 
A comprehensive description of the internal camera-based photogrammetry technique for  
triaxial testing, that was developed at the University of Arkansas (Salazar and Coffman 2015a, 
2015b, 2016; Salazar et al. 2015, 2017), is presented in this chapter. A series of sensitivity 
studies were performed to evaluate the accuracy, precision, and feasibility of the technique. 
Furthermore, the technique was implemented for two undrained triaxial tests on soil specimens. 
Specifically, one conventional triaxial compression (CTC) and one reduced triaxial extension 
(RTE) test were performed on slurry-consolidated, reconstituted kaolinite soil specimens. Results 
from these tests, discussion of the limitations of the technique, and anticipated improvements to 
the technique are presented. 
The limitations of the included manuscript (Salazar et al. 2017) are discussed in 
Section 7.2. The full citation for this document is included in Section 7.3. The motivation and 
background for the manuscript are described in Sections 7.4 and 7.5. Section 7.6 presents the 
evaluation of the internal photogrammetry technique. Specifically, the calibration of board 
cameras, derivation of camera stations, determination of photograph intervals, capture of 
photographs within confining fluid, photogrammetric reconstruction, and volume determination 
are presented in Sections 7.6.1 through 7.6.6. Contained within Section 7.6.7 is a description of 
the method used to determine the accuracy of the internal photogrammetry technique, which 
included comparison of results from five different volume determination methods. Limitations 
and sources of error are discussed in Section 7.6.8. The methods that were used for 
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implementation of the technique during triaxial compression and triaxial extension tests are 
detailed in Section 7.7. Results from the sensitivity studies and from the triaxial tests are 
discussed in Section 7.8. Finally, conclusions are presented in Section 7.9.  
7.2. Limitations of the Described Study 
Although the manuscript contained within this chapter clarifies and further expounds on 
the technique that was introduced in preceding publications, there are limitations to the work. 
The various sensitivity studies that were completed as part of the evaluation of the technique 
involved primarily analog (dummy) specimens. The manuscript also described the 
implementation of the technique for two triaxial tests; however, these tests were undrained. It 
was therefore not possible to compare changes in specimen volume, as determined using the 
photogrammetry technique, with changes in pore fluid volume, as measured by the pore fluid 
pump. Furthermore, the work only describes one triaxial compression and one triaxial extension 
test. No repeat tests were performed to determine the precision of the technique for a given 
triaxial test.  
7.3. Verification of an Internal Close-Range Photogrammetry Approach for Volume 
Determination During Triaxial Testing 
 
Reference 
Salazar, S. E., Miramontes, L. D., Bernhardt, M. L., and Coffman, R. A., “Verification of an 
Internal Close-Range Photogrammetry Approach for Volume Determination During Triaxial 




Accurate strain and volume measurements are critical to phase relationships and strength 
determination for saturated and unsaturated soils. In recent years, laboratory-based photographic 
techniques of monitoring soil specimens have become more common. These techniques have 
been used to reconstruct 3D models and to determine strain and volumetric changes of triaxial 
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specimens. A new technique that used digital photographs of the soil specimen, captured from 
within a triaxial testing cell, was utilized. Photographs were processed using photogrammetric 
software to reconstruct 3D models of the soil specimens at various times during the triaxial test. 
By placing camera equipment within the cell, the technique eliminated the need to account for 
optical distortions due to 1) refraction at the confining fluid-cell wall-atmosphere interface,  
2) the curvature of the cylindrical cell wall, and 3) the pressure-induced deformation of the cell 
wall. 
Previously unreported results from sensitivity studies and accuracy measurements for the 
internal photogrammetry approach are documented herein. Furthermore, through undrained 
triaxial compression and extension tests, the viability of determining total and local strains, 
volume changes, and total volume at any stage of triaxial testing was demonstrated. By 
comparison with other volume-determination methods that are presented herein, including DSLR 
camera photogrammetry, 3D scanning, manual measurements, and water displacement 
techniques, a relative error of the internal photogrammetry technique of 0.13 percent was 
assessed. 
Keywords: triaxial testing, photogrammetry, volume measurements, local deformation 
7.5. Introduction and Background 
Researchers have employed various methods (both photograph- and non-photograph-
based) for monitoring soil specimens during triaxial tests. Specifically, these measurements have 
enabled one or more of the following: 1) axial and radial dimensions and deformations with time, 
2) local and/or total volume measurements, 3) volumetric strain calculations, and 4) shear band 
characterization. Examples include double-wall cell systems, differential pressure transducers, 
measurements of air and water volume changes (Bishop and Donald 1961, Ng et al. 2002, Leong 
99 
 
et al. 2004), displacement sensors (Scholey et al. 1995, Bésuelle and Desrues 2001), proximity 
sensors (Clayton et al. 1989), laser scanners (Romero et al. 1997, Messerklinger and Springman 
2007), digital image analysis (Macari et al. 1997, Sachan and Penumadu 2007), digital image 
correlation (Bhandari et al. 2012), x-ray computed tomography (Desrues et al. 1996, Viggiani et 
al. 2004), and photogrammetry (Kikkawa et al. 2006, Zhang et al. 2015a, Li et al. 2016). In 
recent years, the popularity of photograph-based methods has surpassed non-photograph-based 
methods due to their practicality, cost-effectiveness, and versatility. The limitations of the 
photograph-based and non-photograph-based approaches were discussed in Salazar and Coffman 
(2015a, 2015b), Salazar et al. (2015), and Salazar et al. (2017); the need for the use of 
photogrammetry that relied upon internal cameras was presented.  
Of the photograph-based triaxial monitoring examples in the literature (Macari et al. 
1997, Alshibli and Sture 1999, Alshibli and Al-Hamdan 2001, Kikkawa et al. 2006, Gachet et al. 
2007, Sachan and Penumadu 2007, Rechenmacher and Medina-Cetina 2007, Uchaipichat et al. 
2011, Bhandari et al. 2012, Hormdee et al. 2014, Zhang et al. 2015a, Li et al. 2016, Salazar et al. 
2017), only the techniques presented in Kikkawa et al. (2006), Zhang et al. (2015a) and Li et al. 
(2016) utilized photogrammetry to obtain total and local volume changes of triaxial soil 
specimens. The method presented in Zhang et al. (2015a, 2015b) and Li et al. (2016) involved 
acquiring digital photographs of the specimen from outside of the cell wall. The photographs 
were used to photogrammetrically reconstruct a digital, three-dimensional model. Due to the 
refracted path of light between the specimen and the camera, computationally intensive 
corrections were required to account for apparent distortion at the confining fluid-cell wall and 
cell wall-atmosphere interfaces. This approach did appear to overcome previous limitations of 
photograph-based measurement techniques, including Digital Image Analysis (DIA), Digital 
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Image Correlation (DIC), and Particle Image Velocimetry (PIV). The Zhang et al. (2015a) and Li 
et al. (2016) methods clearly present several advantages of a photogrammetric approach, but the 
implementation of the method introduces additional processing complexity to account for optical 
refraction and cell wall flexure (Zhang et al. 2015a, 2015b, Salazar and Coffman 2015b, Li et al. 
2016). 
As an alternative to the aforementioned methods, that utilized externally-acquired 
photographs, a photogrammetric technique that utilized photographs that were captured from 
within the triaxial cell was introduced (Salazar and Coffman 2015a, 2015b, 2016; Salazar et al. 
2015, 2017). As described in Salazar and Coffman (2015a, 2015b, 2016) and Salazar et al. 
(2015, 2017), small board cameras with pinhole apertures were mounted to diametrically 
opposed towers that were located within the triaxial cell. The cameras were designed to 
withstand exposure to the confining fluid (silicone oil) and the typical high confining pressures 
associated with triaxial testing (up to 1,035 kPa). Despite the relatively wide field of view of 
each camera (~70 degrees), the confined space within the triaxial cell (11.43 cm [4.5 in.] inside 
diameter) required a total of ten camera devices (five devices stacked vertically on each tower) to 
ensure full photographic coverage of a given soil specimen. The towers were mounted on a 
guided track that allowed for rotation around the soil specimen as limited by the two top cap 
drainage lines. Each time a set of photographs was captured, the drainage lines functioned as a 
datum for camera stations by providing a consistent starting point for rotation. With the aid of 
two pairs of magnets (located on the towers and outside of the cell), the towers were manually 
rotated and stopped at prescribed intervals. Ten photographs were captured at each interval. 
Photogrammetry software (PhotoModeler Scanner 2015) was then utilized to reconstruct the 
surface for any soil specimen at any given stage during the triaxial testing.  
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The primary advantage of the internal cell photogrammetry technique presented in 
Salazar and Coffman (2015b, 2016) and Salazar et al. (2015, 2017) was direct observation of the 
soil specimen during testing. The necessity to account for the refraction of light at the confining 
fluid-cell wall and cell wall-atmosphere interfaces, as well as the curvature or deformation of the 
cell wall, was therefore eliminated. Discussion of the method presented in Salazar et al. (2015) 
was offered in Mehdizadeh et al. (2016), where it was claimed that yet another, simpler method 
(Uchaipichat et al. 2011) could be employed to eliminate some of the cumbersome refraction 
corrections. A closure to this discussion was provided in Salazar et al. (2017).  
A comprehensive description of the steps used in the internal cell photogrammetry 
approach is included herein. Furthermore, an evaluation of the accuracy of the approach, is 
described. Three soil analog specimens were utilized for the evaluation. Specifically, an acrylic 
specimen was used to verify the accuracy of the photogrammetric procedures. Additionally, a 
brass specimen and a second acrylic specimen were used to examine the effect of the number of 
photographs (ranging from 40 to 320 photographs) on the photogrammetric derivation of the 
camera stations and on the determination of specimen volume. Undrained triaxial compression 
and extension tests on kaolinite soil specimens are also described. The tests were performed to 
demonstrate the viability of the internal photogrammetry approach to quantify total and local 
deformations on the surface of the soil specimens during testing. 
7.6. Evaluation of the Internal Photogrammetry Technique 
As discussed herein, the performance of the internal cell photogrammetry approach that 
was described in Salazar and Coffman (2015b, 2016) and Salazar et al. (2015, 2017) was 
demonstrated by conducting a series of tests using soil analog specimens (brass and acrylic 
specimens). Each step of the approach was evaluated prior to undrained triaxial compression and 
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extension testing. These steps included the 1) calibration of each of the individual board cameras, 
2) derivation of camera locations and orientations, 3) determination of optimal degree of rotation 
between photograph-capturing intervals, 4) capture of photographs of the acrylic analog 
specimen, 5) photogrammetric reconstruction of the acrylic analog specimen, 6) determination of 
the volume of the acrylic analog specimen, and 7) evaluation of the accuracy of the volume 
determination method. To illustrate the full evaluation process, a flow chart is presented (Figure 















Where DSLR is digital single lens reflex (camera), CTC is conventional triaxial compression, RTE 
is reduced triaxial extension, V is volume, ΔV is change in volume, h is height, Δh is change in 
height, d is diameter, Δd is change in diameter, εa is axial strain, εv is volumetric strain, and Af is 
the area of the actual failure plane. 
 
Figure 7.1. The process used to evaluate the internal cell photogrammetry technique and to 
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S1: Analog specimen (38.1 mm [1.5 in.] diameter by 76.2 mm [3.0 in.] length, nominal) with 
targets used to derive location and orientation of internal cell cameras. Point cloud of targets was 
fixed (as obtained from DSLR camera). Camera locations/orientations were fixed (as obtained 
from the camera location/orientation step). S2: Larger analog specimen (44.5 mm [1.75 in.] 
diameter by 88.9 mm [3.5 in.] length, nominal) with targets used to calculate locations of targets 
on the specimen. Nomenclature: f is the focal length; w:h are the format size dimensions (width to 
height ratio); x:y are the principal point coordinates; and K1, K2, K3, P1, P2 are dimensionless 
distortion coefficients. 
 
Figure 7.2. The process used to determine the volume of a specimen using internal cell 
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7.6.1. Calibration of Board Cameras 
 Off-the-shelf software can be used to determine the intrinsic camera and lens parameters 
that describe the interior orientation of a given camera. This camera calibration process is an 
important step of the photogrammetric process when a high level of accuracy is desired. All 
cameras involved with the processes described below, even the lensless board cameras as 
originally described in Salazar and Coffman (2015a), were fully calibrated utilizing the single-
sheet calibration procedure, as outlined by Eos Systems, Inc. (PhotoModeler Scanner 2015). 
Through this method, each of the ten cameras were positioned to capture convergent photographs 
of a calibration grid from multiple camera stations and orientations (±90 degree roll angles), 
with calibration targets well distributed throughout the photographs. These photographs were 
then processed using the photogrammetric software, resulting in a calibration data file for each 
camera. The data files contained intrinsic camera parameters that included the focal length (f), 
the sensor format size (w:h), the principal point (x:y), and the dimensionless distortion 
coefficients (K1, K2, K3, P1, P2), as reported in Table 7.1. The intrinsic camera parameters were 











Table 7.1. Comparison of intrinsic camera parameters from calibration for all ten board 




Camera Tower 1 
Camera 1 Camera 2 Camera 3 Camera 4 Camera 5 
Focal Length [mm] 3.3574 3.6599 3.3390 3.5936 3.5928 
Format Size [mm] w: 5.145, h: 4.800 w: 5.149, h: 4.800 w: 5.150, h: 4.800 w: 5.152, h: 4.800 w: 5.148, h: 4.800 
Princip. Point [mm] x: 2.573, y: 2.337 x: 2.659, y: 2.419 x: 2.427, y: 2.176 x: 2.806, y: 2.459 x: 2.782, y: 2.338 
K1 3.87E-03 3.62E-03 2.37E-03 1.96E-03 2.32E-03 
K2 -5.18E-05 -2.37E-04 3.89E-05 -7.22E-06 -4.96E-05 
K3 0 0 0 0 0 
P1 -1.96E-04 2.35E-04 1.36E-04 2.59E-04 1.72E-04 
P2 2.50E-04 2.43E-04 -1.33E-04 4.49E-04 2.84E-04 
Calibration 
Parameter 
Camera Tower 2 
Camera 1 Camera 2 Camera 3 Camera 4 Camera 5 
Focal Length [mm] 3.4274 3.4498 3.2350 3.3464 3.5830 
Format Size [mm] w: 5.147, h: 4.800 w: 5.150, h: 4.800 w: 5.153, h: 4.800 w: 5.154, h: 4.800 w: 5.150, h: 4.800 
Princip. Point [mm] x: 2.823, y: 2.339 x: 2.608, y: 2.309 x: 2.423, y: 2.276 x: 2.397, y: 2.359 x: 2.370, y: 2.581 
K1 4.27E-03 2.19E-03 2.75E-03 8.64E-04 2.03E-03 
K2 -1.76E-04 -8.17E-05 -2.76E-05 -8.69E-05 2.05E-05 
K3 0 0 0 0 0 
P1 2.52E-04 1.14E-04 1.03E-04 9.82E-04 1.88E-05 
P2 8.78E-05 3.78E-06 6.62E-05 -3.68E-04 -4.86E-05 
 
Note: K1, K2, K3, P1, and P2 are dimensionless distortion coefficients. 
 
7.6.2. Derivation of Camera Stations within the Triaxial Cell   
   With any photogrammetric project, it is necessary to obtain the exterior orientation 
parameters (i.e. position and orientation) for each camera station used for capturing a 
photograph. To derive this information for the board cameras that were internal to the triaxial 
cell, the following procedure was performed. A cylindrical, brass analog specimen (38.1 mm [1.5 
in.] diameter by 76.2 mm [3.0 in.] length, nominal) was wrapped with a sequence of black ringed 
automatically detected (RAD) coded targets that were printed onto a sheet of white paper (to 
provide contrast). The brass specimen was then placed upright on a flat surface. Additional RAD 
targets were placed on the flat surface adjacent to the specimen to provide additional tie points 
and improve the overall geometry and accuracy of the model. A fully calibrated, digital single 
lens reflex (DSLR) camera with a fixed 28 mm lens were used to capture overlapping 
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photographs from various positions around the brass specimen (approximately 40 photographs 
total). A selection of these photographs were processed using the photogrammetric software, 
which automatically identified and measured each RAD target. Several measurements acquired 
using a caliper (between two distant targets) were input into the software program to define the 
scale. Three-dimensional coordinates for all 286 RAD target locations were then exported as a 
comma-delimited text file and used as control points in subsequent projects. 
The same targeted brass specimen, which was used with the DSLR camera, was then 
placed within the instrumented triaxial cell and a set of photographs was captured by the internal 
board cameras at five-degree intervals. Although two 20-degree sections (40 of the total 360 
degrees) were left with no directly perpendicular photographs, due to the presence of the two 
diametrically opposed drain lines, the entire specimen surface was observed with the internal 
board cameras. The set of five-degree interval photographs (total of 320) was processed using 
the photogrammetry software. Visible RAD targets within the newly acquired set of photographs 
were identified and assigned to the corresponding control point coordinates. With all control 
points measured and photogrammetric processing complete, the locations (X, Y, Z) and 
orientations (Omega, Phi, Kappa) for all 320 board camera stations were exported as a comma-
delimited text file. All future photograph acquisitions were assigned to the respective 
photogrammetrically-derived camera locations and camera orientations listed in this file. These 
steps served to establish a common 3D coordinate system for future photogrammetric 
reconstructions. 
7.6.3. Determination of Photograph-Capturing Intervals 
Close-range photogrammetry of objects required not only full photographic coverage of 
all specimen surfaces, but overlapping photographs such that all points to be measured were 
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clearly visible in at least two but ideally three or more photographs. To meet this requirement, 
photographs were captured at specified intervals as the towers were manually rotated around the 
specimen. It was desired to minimize the number of photographs required to reconstruct the 
specimen, while maintaining a high degree of accuracy and precision. By increasing the base line 
distance (and therefore rotation angle) between camera stations, the accuracy of measurements in 
object space (i.e. on the specimen surface) was expected to increase. In turn, increasing the base 
line distance reduced 1) the number of photographs and 2) the available overlap between 
adjacent photographs. It was therefore desired to determine the optimal intervals at which 
photographs should be captured. A sensitivity study was performed to determine the ideal angle 
between adjacent sets of photographs. The study was conducted by placing a different analog 
specimen (acrylic, 44.5 mm [1.75 in.] diameter by 88.9 mm [3.5 in.] length, nominal) into the 
instrumented triaxial cell and capturing photographs of the specimen at five degree intervals (320 
photographs, total). The larger specimen was selected because it represented the maximum 
dimensions that would be achieved during large-strain triaxial compression tests (maximum 
diameter) or extension tests (maximum height) on actual soil specimens. The cell remained 
empty (air, instead of confining fluid) for this stage of the evaluation process. The sensitivity of 
the camera stations to the angle between the photograph capturing intervals was evaluated for 
45-, 30-, 15-, and five-degree intervals, which corresponded to 40, 60, 110, and 320 photographs, 
respectively. These intervals were chosen because each interval was divisible by the next, 
allowing for one common photoset to be used.  
7.6.4. Capture of Photographs to Determine Accuracy in Confining Fluid 
 The same procedures that were utilized to 1) derive the board camera stations using the 
brass analog specimen (in air) and to 2) determine the ideal angle between photos using the 
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large, acrylic analog specimen (also in air) were employed to evaluate the method in confining 
fluid. A second, smaller acrylic analog specimen (38.1 mm [1.5 in.] diameter by 76.2 mm [3.0 
in.] length, nominal) was submerged in confining fluid (silicone oil) within the triaxial cell for 
the procedure. RAD-coded targets were printed on a sheet of temporary tattoo adhesive paper 
and adhered to the surface of the acrylic specimen. The photogrammetry procedures that were 
previously outlined in Section 7.6.2 were repeated and final camera stations were derived for all 
future tests performed with the confining fluid-filled cell. This was necessary to ensure accuracy 
of the camera stations when the cameras were submerged in the confining fluid. The coded 
targets were removed and a different sequence of coded targets was adhered to the surface of 
subsequent specimens. The new targets were used because it distinguished them from the targets 
that were already identified to create the control point cloud (used to derive the camera stations). 
The acrylic specimen was then placed within the triaxial cell filled with confining fluid once 
more and photographs were captured to reconstruct the specimen. This second set of photographs 
of the acrylic specimen was necessary because it would not have been a fair assessment to derive 
the target locations on the surface of the specimen using the same photographs that were utilized 
to derive the camera stations.   
7.6.5. Photogrammetric Reconstruction of a Specimen 
 The photographs of the two acrylic analog specimens (large specimen used to evaluate 
the sensitivity of the photograph-capturing interval and smaller specimen used to evaluate the 
accuracy of the technique when subjected to the confining fluid) that were captured from within 
the triaxial cell were processed within software to photogrammetrically reconstruct the 
specimens. The photogrammetry projects that were created during the camera location and 
orientation step, to establish the 3D coordinate system, were modified by replacing the 
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photographs within the existing projects with the newly acquired photographs of the acrylic 
specimens. This ensured that the already derived camera stations (location and orientation) 
remained constant, thereby enabling the greatest possible accuracy for the close-range 
photogrammetry technique. Each visible target on the surface of the acrylic specimens was then 
identified and measured in at least three photographs and assigned to the respective unique 
identification number (384 and 283 total targets for the large- and small-acrylic specimens, 
respectively). Once a target was measured in three or more photographs, three-dimensional 
coordinates for that point were computed and reported by the software. The circular centers of 
the targets provided a reliable means of identifying the precise locations of the targets. To aid in 
the reliable identification of common points on the ends of the specimen, high contrast markers 
were added to the porous stones on both ends of the specimen. The intersections between the 
markers, the porous stones, and the ends of the specimen served to identify common points along 
the ends of the specimen. Internal quality feedback within the software aided in identifying and 
reducing point measurement errors, thereby 1) ensuring the quality of the photogrammetry 
projects and 2) providing consistency among each of the projects that were processed. The 
quality feedback metrics included total error, residuals, and point precision values. 
After all of the points on the surfaces of the specimens were identified, radial curves were 
drawn through the 3D points on the surface of the virtual specimens. Surface tools were utilized 
to create outward-facing surfaces on the specimens; these surfaces were created by using the 
curves as the edges of each surface, and to cap the open ends of the specimens. The virtual 
specimens therefore took shape using the newly created surfaces; however, the photogrammetry 
software did not correctly calculate the internal volumes of the virtual specimens, nor were the 
surfaces “watertight”. The 3D models were therefore exported in a wavefront format (.obj 
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extension) to allow for further analysis using a software program that was more suited to 
determining the accurate volume of a virtual object. A 3D computer-aided drawing (CAD) 
software (Geomagic Design X 2015) was utilized for this purpose. 
7.6.6. Determination of a Specimen Volume 
 Each 3D model exported from the photogrammetry software consisted of a number of 
disconnected polygonal bands wrapped transversely around the surface of the model. Narrow 
gaps between these polygonal bands were sealed using the global remesh and healing tools 
within the software. The remesh tool worked by essentially shrink-wrapping the 3D model with a 
new, improved surface that was free of holes, slivers, and other topologic imperfections. The 
used software tools are proprietary but the results were similar to what would be expected from a 
Poisson surface reconstruction, like that described by Kazhdan and Hoppe (2014). The settings 
for this tool were adjusted so that the number of polygons that made up the output model was 
100 times the number of polygons of the input model. The increase in the quantity of polygons 
reduced the potential for rounding that was observed along sharp edges. Moreover, the healing 
tool was then used to detect and remove any small clusters of free-floating polygons that were 
not actually part of the surface of the models. After the final watertight models were created, the 
calculation of the volume of each model was revealed when selecting on the properties of the 
model. The exact method used to calculate volume by the software was not reported by the 
software publishers, but the used method was likely similar to the process described by Mirtich 
(1996). 
7.6.7. Accuracy of Technique 
To evaluate the accuracy of the internal cell photogrammetry approach, that is presented 
herein, several other techniques were also employed to determine the volume of the smaller 
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acrylic analog specimen. The techniques included 1) the aforementioned internal 
photogrammetry technique, 2) photogrammetry using DSLR camera obtained photographs only, 
3) a 3D scanning technique, 4) manual measurements using a caliper and pi tape, and 5) a water-
displacement technique. Each of these not previously mentioned techniques (techniques 2-5) are 
described in this section. Based on a review of the literature, no universal method exists to 
evaluate the absolute or “true” accuracy of a volume determination technique. The amount of 
difference relative to an external reference, often termed “error”, is only meaningful when the 
nature of the external reference is reported. To provide a metric for comparison between the 
volumes of the smaller acrylic specimen, as obtained using each technique, the difference was 
evaluated relative to the water displacement technique. This technique was selected, because it 
was based on well-established procedures documented in ASTM Standard D698 (ASTM 2012) 
to determine the interior volume of a Proctor mold. 
7.6.7.1. DSLR Camera Photogrammetry  
For the DSLR camera survey technique, the smaller acrylic specimen was placed on a 
table and approximately 40 photographs were captured of the specimen from various angles. The 
photographs were imported into the photogrammetry software and a selection of the best photos 
were processed. Common points (coded targets), on the surface of the specimen, were identified 
and referenced to ensure that the points appeared in at least three photos. Measurements were 
also imported to define the scale (known distance between select points). In a similar fashion to 
the internal photogrammetry technique, surfaces were created on the virtual specimen and the 





7.6.7.2. 3D Scanning 
By definition, 3D scanning is the use of a specialized instrument to rapidly record the 3D 
information of an object or environment. A close-range 3D digitizing system (Breuckmann 
SmartScan3D HE) that utilized fringe projection, or structured white light technology, was 
employed to obtain the 3D data of the acrylic specimen. Specifically, a projector, two 5-
Megapixel color cameras, and multiple lenses were utilized to facilitate the 3D measurements. A 
series of patterns (or fringes) were cast onto the specimen and the difference in the pattern from 
each camera was utilized to compute a series of discrete measurements or 3D points. The 
instrument captured approximately 150,000 points per individual scan. 
The smaller acrylic specimen was scanned with a set of M-125 lenses (i.e. 125 mm 
diagonal field of view at the optimal working distance of one meter). The M-125 lenses, the 
highest resolution lenses available for this scanner, were used to achieve the highest possible 
spatial resolution of approximately 60 μm horizontal. To begin the process of scanning, the 
instrument was calibrated using 1) the prescribed procedure that was recommended by the 
manufacturer, 2) a set of calibration targets, and 3) the companion 3D digitizing software 
(OPTOCAT 2013R2). The calibration procedure reported an average accuracy of object points 
of 15.41 μm in the X, 0.74 m in the Y, and 26.75 μm in the Z dimension (depth from scanner). 
The specimen was made of an acrylic material that was partially transparent. To prevent scan 
errors caused by light scattering during fringe projection, a thin coat of matte white spray paint 
was applied to the specimen. Several spherical adhesive targets were also placed on each side of 
the specimen to aid in the scan-to-scan alignment procedures during data processing. The 
specimen was then placed at a 45-degree angle on an automated turntable (Figure 7.3) and 
scanned at 20-degree intervals for a total of 18 scans. Two other manually positioned scans were 
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collected to fill in areas not visible during the turntable rotations. All of these data (20 scans) 
were then processed using the digitizing software. The basic processing steps that were 
performed included: 1) an iterative global best-fit alignment of all scans, 2) overlap reduction to 
remove scan data collected at a high angle of incidence, 3) merging of individual scans to create 
a single polygonal mesh, 4) smoothing to remove small amounts of noise and other scan 
artifacts, and 5) hole-filling using the semi-automated tools that were available. The final 3D 
model, as presented in Figure 7.3, was composed of approximately 685,000 polygonal faces and 









Figure 7.3. (a) Photograph of, and (b) three-dimensional, watertight model of small-acrylic 
analog specimen with spherical adhesive targets (removed during processing), as obtained 
during 3D scanning of specimen. 
 
7.6.7.3. Manual Measurements 
For the method that consisted of manual measurements, a linear caliper (with a resolution 
of 0.05 mm) was used to measure the length of the acrylic specimen (average of three 
measurements) and a pi tape (with a resolution of 0.01 mm) was used to measure the diameter of 
the specimen (average of three measurements). The volume of the specimen was then calculated 
based on the average measurements.  
 (a) (b) 
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7.6.7.4. Water Displacement 
The same procedures that are commonly utilized to measure the volume of a Proctor 
mold, as outlined in ASTM Standard D698 (ASTM 2012), were used to measure the volume of 
the specimen. Specifically, after the volume of a Proctor mold was determined using the water-
filling method that is described in the Annex of the ASTM Standard, the specimen was placed 
into the Proctor mold and submerged in de-ionized and de-aired water to determine the amount 
of water that was displaced by the specimen. The mass of the acrylic specimen was determined 
before and after water submersion to ensure that no water was imbibed by the specimen during 
the testing.  
7.6.8. Limitations and Sources of Error 
The limitations of, and the identified sources of error associated with, the described 
photogrammetry technique are discussed herein. The identified systematic errors were mitigated 
during the process of collecting, processing, and evaluating data. Additionally, a schematic of the 
relevant qualitative factors that influence the accuracy of photogrammetry applications is 
































Shading highlights the characteristics of the photogrammetry methodology presented in this study. 
 
Figure 7.4. Qualitative factors affecting accuracy in photogrammetry (modified from Eos 
Systems, Inc. 2015). 
  
7.6.8.1. Precision of Repeat Interval Stops 
Measured from a fixed starting position (in contact with the drainage lines), the camera 
towers stopped at prescribed rotation intervals around the specimen to allow for repeat 
occupation (during a given photogrammetry project and between successive photogrammetry 
projects). The method relied upon the capture of photographs from the exact same locations with 
each repetition, because photographs with known (derived) camera stations were replaced with 
new photographs (thereby assigning the derived locations and orientations to the new 
photographs). Although the same locations were reoccupied for each test, any deviation from the 
photogrammetrically derived location could have resulted in error in the three-dimensional 

















































































7.6.8.2. Model Refinement 
The number of targets that were utilized limited the mesh refinement of the surface of 
each specimen. Furthermore, the number of targets that were utilized was related to processing 
time and to the minimum size of targets. To maintain the automated target identification 
capability of the photogrammetry software, a target center diameter of at least 30 pixels was 
utilized. This resulted in the use of 286 targets that were evenly distributed (center to center 
spacing of 5.65 mm) across the surfaces of the 38.1 mm (1.5 in.) in diameter by 76.2 mm (3.0 
in.) in length (nominal) brass and acrylic soil specimens. 
7.6.8.3. External Geometry Measurements 
To scale a photogrammetry project, one or more external reference measurements was 
required to be input. These reference measurements were in the form of a known distance 
between two measured points located within the project. The resulting overall accuracy of a 
project was therefore limited to the accuracy of the input measurements. To mitigate the impact 
of this source of error, multiple reference measurements were made for various target pairs 
within the project. 
7.6.8.4. Determination of Specimen Ends 
The most difficult aspect of processing the photographs of a specimen was the reliable 
identification of the ends of the specimen (i.e. picking points along the edges at the two ends of 
the specimen). Picking end points was challenging because distinct markers had to be identified 
subjectively in adjacent photographs without the help of target centers. This challenge has often 
been understated or not discussed in the literature, but should not be overlooked. To aid in the 
reliable identification of specimen ends, high contrast markers were applied to the porous stones 
on the ends of the specimens. 
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7.7. Implementation of the Internal Photogrammetry Technique for Soil Specimens 
Two undrained triaxial tests were performed on kaolinite soil specimens to assess the 
viability of determining: 1) total and local strains, 2) total volume and volume changes at any 
given stage of testing, and 3) the actual failure plane of a soil specimen. Specifically, one 
undrained, conventional triaxial compression (CTC) test and one undrained, reduced triaxial 
extension (RTE) test were conducted. The tests were performed with advanced, automated 
triaxial apparatus that included pore water pressure and pore water volume measurements. In a 
typical triaxial test, the exact total specimen volume at any given stage of testing (prior to 
consolidation, prior to shearing, or during shearing), must be back-calculated from testing and 
post-testing data using phase relationships and assumptions (most notably the right circular 
cylinder assumption, see ASTM D4767-11, 2011). To illustrate this concept, a schematic of the 
stages of a typical triaxial compression test is presented as Figure 7.5. This method of calculating 
specimen volume often leads to erroneous results without any means of verification. The 
implemented photogrammetry technique provided a means to independently determine the 
volume of a soil specimen, during any desired stage of testing, without the need to rely upon 
















1. Pre-test: Mass (m) and water content (w), measured; Volume (V) calculated using caliper measurements. 
2. Back-pressure saturation: Drain lines filled. Total volume change (ΔV) from pore pump measurements.  
    This volume change includes air 1) purged from lines, and 2) going into suspension. 
3. K0 Consolidation: Sample ΔV from pore pump measurements. 
4. Shearing: m, w, and V assumed to be equal to post-test m, w, and V (if undrained); calculated from pore  
    pump measurements (if drained). 
5. Post-test: m and w, measured. Shear strength determined based on corrected area (Ac). 
 
Figure 7.5. Typical measurements and calculations required to determine the phase 
diagram of the soil specimen during a conventional triaxial compression test. 
 
The soil specimens consisted of commercially available kaolinite soil (Kaowhite-S) 
obtained from the Thiele Company (Sandersonville, Georgia). The specimens were slurry-
consolidated in an acrylic consolidometer under an overburden stress of 138 kPa (20 psi). 
Specimens with nominal dimensions of 7.62 cm in length and 3.81 cm in diameter were extracted 
from the consolidation apparatus and weighed. Using temporary tattoo paper, RAD-coded targets 
were applied to the surface of the first membrane surrounding the sample. The membrane was then 
placed onto the specimen, and a second membrane was applied over the first membrane (to reduce 
the potential for liquid transfer or gas permeation). During the specimen preparation phase, care 
was taken to minimize the amount of disturbance on the soil specimen. The confining cell was 
filled with silicone oil, the top and bottom drain lines to the specimen were flushed to remove air 
from the lines, and the specimen was back pressure saturated (B-check equal to 0.95 or higher) 
before proceeding to the consolidation phase. During each test, the specimen was consolidated 
under K0-conditions to a vertical effective stress of 310 kPa (45 psi). During consolidation, the 
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changes in pore pump volume measurements were used to determine changes in pore water volume 
of the specimen. Upon completion of consolidation, the drain lines were closed and the specimen 
was sheared under undrained conditions (strain rate of 0.5 percent per hour). For the CTC test, the 
shearing was paused at intervals of 0, 2, 4, 6, 8, 11.5, and 15 percent axial strain. At each of these 
strain intervals, the ten board cameras were used to capture photographs of the specimen at 20-
degree rotation intervals (total of 80 photographs per strain interval), as further discussed in 
Section 7.8.2. Similarly, for the RTE test, the shearing was paused at intervals of -0, -2, -4, -6, -8, 
-10, -12, -15 percent axial strain and photographs of the specimen were captured. For each strain 
interval, the test was paused for less than 30 minutes. For completeness, a photograph of the 
instrumented triaxial cell, as utilized in the RTE test, is presented (Fig. 7.6). 
Processing procedures were identical to those employed to model the acrylic analog 
specimen. After 3D models of the soil specimens were exported to wavefront format files, the 
models were further analyzed within 3D CAD software. Local displacements on the surface of 
each soil specimen were visualized using the built-in mesh deviation function. The software tool 
likely functioned similar to the process described by Cignoni et al. (1998). Utilization of this 
function allowed for watertight meshes to be overlayed (with a common coordinate system) to 
compare the positive or negative changes between the surfaces of the two meshes. The post-
consolidation mesh was selected as the reference mesh for comparisons. A color-graded scale 
was selected to visualize the magnitude of changes (cooler colors corresponded to negative 

























Figure 7.6. Photograph of the kaolinite specimen within the photogrammetrically 
instrumented triaxial cell during the shearing stage of the extension test. 
 
In addition to the undrained triaxial compression and triaxial extension tests, one 
additional unconfined compression (UC) test was performed. The purpose of the UC test was to 
compare 1) the calculated volumes during a test within the triaxial cell by utilizing the internal 
photogrammetry technique, with 2) the calculated volumes during a test outside of the triaxial 
cell utilizing the DSLR camera photogrammetry technique. The soil specimen was prepared in 
an identical way to those specimens that were used in the two triaxial tests. RAD-coded targets 
1. Load frame reaction rod (two quantity) 
2. Cable with nine-pin feed-through connector 
(four pins for the internal load cell, two pins 
for the switchboard power supply, one pin for 
the video signal, two pins unused) 
3. Uplift prevention rod (two quantity, for 
extension testing only) 
4. Piston housing 
5. Piston lock 
6. Vacuum line for acrylic top cap vacuum 
connection 
7. Top platen of cell 
8. Fastening rod (three quantity) 
9. Piston 
10. Switchboard for camera timing (as shown in 
Salazar et al. [2015]) 
11. Electrical jumpers for individual camera power 
supply (red) 
12. Internal load cell 
13. Electrical jumpers for common grounding and 
video signals (green and yellow, respectively) 
14. Acrylic top cap (triaxial extension vacuum cap 
shown) 
15. Drain line (connection to top cap) 
16. Pore pressure transducer 
17. Camera tower (two quantity, 5 cameras each) 
18. Soil specimen within membrane (RAD-coded 
targets adhered to membrane) 
19. Rotating Delrin® bearing track 
20. Top drain line and drain valve (black) 
21. Bottom drain line and drain valve (red) 























were applied to the surface of the membrane and additional targets were placed on the loading 
frame around the specimen to provide tie points for photogrammetric processing. The specimen 
was sheared under unconfined conditions (although the specimen was wrapped in a membrane) 
at a strain rate of 0.5 percent per hour. During the test, the shearing was paused at intervals of 0, 
2, 4, 6, 8, 11.5, and 15 percent axial strain and approximately 40 photographs of the specimen 
were captured at each strain interval. During the processing phase, the best 12 photos of the 40 
photos that were captured for each strain interval, were selected and processed so that targets on 
the surface of the specimen appeared in at least three photographs. Following the same 
procedures as those used for the internal photogrammetry technique, 3D models were created 
within photogrammetry software and were exported for further analysis within the 3D CAD 
software. 
7.8. Results and Discussion 
The results from the evaluation of the internal cell photogrammetry technique are 
presented herein. Furthermore, a discussion of the amount of error associated with the technique 
and the sensitivity of the photograph-capturing interval are presented. The accuracy of the 
utilized photogrammetry technique is discussed and the limitations are highlighted. 
7.8.1. Volume Comparisons 
The differences between the volumes determined using the various measurement 
techniques (internal photogrammetry, DSLR photogrammetry, 3D scanning, manual 
measurements) relative to the arbitrary reference technique (water displacement) fell within one-
half of one percent, as presented in Table 7.2. There was good agreement between the volumes 
determined from the internal photogrammetry technique and reference technique (0.13 percent 
difference). These difference values were expected to be greater for the techniques presented 
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herein than the difference values reported in the literature. This was expected because of the 
relatively small size of the specimen that was utilized for evaluation of the internal 
photogrammetry technique (nominal dimensions of 7.62 cm in length and 3.81 cm in diameter), 
as compared to larger size specimens contained within the literature (typically, 10.16 cm in 
length and 5.08 cm in diameter, or 14.22 cm in length and 7.11 cm in diameter). Despite the 
increased sensitivity to volume determination error for the specimen used in this study, the 
volume differences for all five measurement techniques were small (≤ 0.50 percent). The smaller 
specimen size was utilized because of the reduced drainage distance, which significantly reduced 
the time required for the completion of the consolidation phase of testing. 
Based on a variety of tests conducted (prior to results reported in this study), the 
repeatability of determining the volume of an analog specimen fell within 0.011 percent for the 
3D scanning technique and within 0.084 percent for the internal photogrammetry technique. 
Although the repeatability of the DSLR camera photogrammetry technique was not studied, it is 
expected to be comparable to the repeatability of the internal photogrammetry technique. 
 





Volume of Specimen [cm3] 
Mean    
[cm3] 
Difference from 
Reference [%] Repetition 
1 2 3 
Water Displacement 94.97 95.60 95.47 95.35 Reference 
Manual Measurements 95.82 95.82 95.82 95.82  0.50 
3-D Scan 95.64 - - 95.64  0.31 
DSLR Photogrammetry 95.62 - - 95.62  0.29 






7.8.2. Photograph Interval 
Although it appeared that the repeatability of derived camera locations was sensitive to 
the photograph interval (degree of separation between sets of photographs), as indicated by 
convergence of camera locations in Figure 7.7, the effect was considered negligible (within 
0.045 pixels for the maximum difference in camera location). The relationship between derived 
camera orientation and photograph interval was not directly meaningful. Therefore, the influence 
of the tower rotation interval on the determination of specimen volume was examined (Table 
7.3). For the volume (as calculated from four photogrammetric reconstructions, using 45-, 30-, 
15-, and five-degree photograph intervals), the standard deviation was equal to 0.34 cm3, and the 
range was equal to 0.70 cm3. The determination of volume was therefore not sensitive to the 
photograph interval. Thus, to 1) match the 20-degree gaps surrounding the drainage lines within 
the triaxial cell, thereby providing consistent photograph intervals, and 2) maintain sufficient 
overlap between photographs, an interval of 20 degrees was selected. This resulted in 80 
photographs and approximately 240 minutes of processing time per test. 
 
Table 7.3. Comparison of large-acrylic analog specimen volumes as determined during 















45 40 120 135.17 Mean Volume [cm3] 135.56 
30 60 180 135.37 Standard Deviation [cm3] 0.34 
15 110 330 135.87 Standard Error [cm3] 0.17 
5 320 960 135.80 Coefficient of Variation [%] 0.25 
    Range [cm3] 0.70 
   





Figure 7.7. Sensitivity of derived camera location difference to interval between 
photographs. 
 
7.8.3. Testing of Internal Photogrammetry System on Soil Specimens 
 The volume of the various soil specimens was determined at numerous levels of axial 
strain during both the CTC and RTE tests, as well as during the UC test. The CTC and RTE tests 
were performed in an undrained condition and therefore the total volume of the specimen was 
not expected to change during the shearing phase of each test. Likewise, the UC test was 
undrained. The volumes that were measured during each test, and the summary statistics for each 
test, supported this hypothesis. The results from the CTC test are presented in Table 7.4. The 
volume change during the consolidation phase was determined to be 6.56 cm3, using the internal 
photogrammetry technique. As a comparison, the volume change determined from the pore 
pump measurements was equal to 6.81 cm3 (temperature corrected) and the change calculated 
from the displacement transducer measurements was equal to 6.70 cm3 (using the assumption 








































internal photogrammetry approach therefore underpredicted the volume change by 3.7 percent, 
as compared to the pore pump measurements, and by 2.1 percent, as compared to calculations 
using the change in specimen height. 
The results from the RTE test and the UC test are presented in Table 7.5 and Table 7.6, 
respectively. For the CTC, RTE, and UC tests, the small changes in total volume, during 
undrained shearing, were likely a result of the sensitivity to limited refinement of the 3D model 
surface (function of the number of targets on the membrane). As indicated by the standard 
deviation of total volumes calculated during the CTC test (0.37 cm3), as compared to the 
standard deviation during the RTE test (0.27 cm3), the variability was greater for the CTC test. 
The likely cause of the greater variability during the CTC test was that the target refinement was 
more sensitive to the local deformations on the surface of the specimen during compression 
(uneven bulging) than during extension (fairly uniform necking). Comparison with the results 
from the UC test (standard deviation of 0.69 cm3) revealed that even with the high resolution 
DSLR camera photogrammetry technique there was variability in the volumes, further 
supporting the hypothesis that the model refinement (number and density of targets on surface of 










Table 7.4. Volumes of kaolinite soil specimen as determined throughout the triaxial 
compression test and corresponding summary statistics. 
 
Testing     
Phase 
Axial Strain                
εa , [%] 
Volume                      
VT , [cm3] 
Summary Statistics 
Consolidation 





2 82.92 Mean Volume           
During Shear [cm3] 
83.37 
4 83.28 
6 83.27 Standard Deviation [cm3] 0.37 
8 83.28 Standard Error [cm3] 0.14 
11.5 84.10 Coefficient of Variation [%] 0.45 
15 83.55 Range [cm3] 1.18 
  
             Note: Photographs acquired using internal board cameras. 
 
Table 7.5. Volumes of kaolinite soil specimen as determined throughout the triaxial 
extension test and corresponding summary statistics. 
 
Testing     
Phase 
Axial Strain                
εa , [%] 
Volume        
VT , [cm3] 
Summary Statistics 
Shear 
0 79.88 Mean Volume            
80.30 
8 80.40 During Shear [cm3] 
10 80.32 Standard Deviation [cm3] 0.27 
12 80.28 Standard Error [cm3] 0.12 
15 80.64 Coefficient of Variation [%] 0.34 
      Range [cm3] 0.76 
            
          Note: Photographs acquired using internal board cameras. 
  
Table 7.6. Volumes of kaolinite soil specimen as determined throughout the unconfined 
compression test and corresponding summary statistics. 
 
Testing     
Phase 
Axial Strain                
εa , [%] 
Volume                      
VT , [cm3] 
Summary Statistics 
Shear 
0 91.01 Mean Volume 
91.35 
2 91.46 During Shear [cm3] 
4 90.99 Standard Deviation [cm3] 0.69 
6 90.90 Standard Error [cm3] 0.26 
8 90.75 Coefficient of Variation [%] 0.75 
11.5 91.57 Range [cm3] 2.00 
15 92.75     
                          
                      Note: Photographs acquired using DSLR camera. 
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The localized displacements of each specimen were visualized qualitatively for the CTC 
and RTE tests. Specifically, the displacements were visualized for the consolidation phase of 
testing, as presented in Figure 7.8, and for the shearing phase, as presented in Figure 7.9. During 
the consolidation phase, the small strains in the radial direction of the specimen were somewhat 
unexpected, as the triaxial testing apparatus was programmed for K0-consolidation by which the 
diameter of the specimen should have remained constant throughout the consolidation phase of 
the test. In the CTC test (Figure 7.9a), the actual failure plane of the soil specimen was evident 
from the shear banding behavior at larger strains (greater than eight percent axial strain). 
Conversely, necking behavior was observed for the specimen in the RTE test (Figure 7.9b). 
Additional test data, including stress-strain and excess pore pressure relationships, were reported 












Figure 7.8. Visualization of photogrammetry-obtained, three-dimensional models of 
kaolinite specimen during K0-consolidation phase of triaxial test (warm colors indicate 
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Note: Photographs on the right are of post-test, oven-dried specimens. 
 
Figure 7.9. Visualization of photogrammetry-obtained, three-dimensional models of 
kaolinite test specimen during (a) conventional triaxial compression, and (b) reduced 
triaxial extension tests up to 15 percent axial strain during shearing (warm colors indicate 
positive deformation and cool colors indicate negative deformation). 
 
Although the application of the internal photogrammetry technique required 
modifications to a standard triaxial testing cell, the components of the system that were presented 
were inexpensive, especially when compared with the cost of the triaxial testing equipment. 
Furthermore, the technology associated with the modifications was not complex (Salazar and 
Coffman 2015a, 2016 and Salazar et al. 2015). With the reduced computational cost of using less 
photographs to reconstruct a given test specimen, the added data collection and processing time 
was insignificant (hours) when compared with the total time (sample preparation, setup, testing, 
Immediately  
Post-consolidated 
εa = 0% 
εa = 2% εa = 8% εa = 15% εa = 6% 





εa = 0% 
+2.175 mm -2.175 mm 
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and data reduction) for a typical triaxial test (weeks). Furthermore, the technique was no more 
computationally costly than other photogrammetry methods found in the literature. 
7.9. Conclusions 
The internal cell photogrammetry technique was utilized to determine the volume of soil 
specimens during all stages of undrained triaxial compression (CTC) and triaxial extension 
(RTE) tests. The camera instrumentation, internal to the triaxial cell wall, allowed for direct 
observation of the entire surface of the soil specimens throughout the triaxial tests and avoided 
the need to correct for refraction and cell wall flexure involved with other methods in the 
literature. The principles of close-range photogrammetry were utilized to enable accurate 3D 
reconstructions of the soil specimens. Prior to triaxial testing, a variety of outside-of-cell volume 
determination techniques, including DSLR camera photogrammetry, 3D scanning, manual 
measurements, and water displacement techniques were employed to provide comparisons with 
the volume of an acrylic analog specimen as determined utilizing the internal cell 
photogrammetry technique. Results from the internal photogrammetry technique fell within 0.13 
percent of the reference technique (water displacement) and results from all comparison 
techniques fell within 0.50 percent. To minimize processing time to approximately 240 minutes, 
a balance was struck between the number of photographs utilized (80 photographs total, 10 
photographs captured at each 20 degree interval around a specimen) and the reliability in 
photogrammetric measurements. 3D models were produced using commercially available 






7.9.1. Potential Applications and Future Improvements 
 There are several potential applications for using the internal photogrammetry technique. 
The approach may be utilized to provide verification of axial and radial strain measurements at 
any point on the surface of the specimen or at the end cap connections. Furthermore, the strain-
based approach could be used in conjunction with 3D finite element analysis techniques to 
predict the stress distribution throughout the specimen. This inverse solution will aid in 
developing understanding into the constitutive models used to predict soil behavior.  
 Although other techniques may be used to measure total pore volume changes during 
consolidation (i.e. pumps), these techniques may not necessarily be used to measure total volume 
changes during shearing, nor will localized volume changes be captured. The technique 
presented in this work may therefore be employed to monitor both total and local volume 
changes during drained and undrained triaxial tests.   
Future improvements to the internal photogrammetry system may facilitate increased 
accuracy of the results. A higher degree of precision in the reoccupation of photograph interval 
stops around the specimen would reduce error arising from the predetermined camera stations. 
Therefore, a mechanized rotating track base is recommended for future applications. 
Furthermore, future projects may also incorporate a geometric constraint that allows some small 
amount of deviation from the known camera positions, but only along a modeled arc 
representing the circular path of the camera track.  
To increase the level of refinement on the surface of a specimen, a greater number of 
targets may be required. However, the size of (and therefore the number of) the targets that were 
utilized was limited, due to the resolution of the modified board camera devices. To reduce the 
approximations between targets, improved camera resolution will allow for denser target 
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coverage on the specimen surface. Furthermore, improvements in automatic target identification 
algorithms will result in reduced time required for processing. 
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CHAPTER 8: CONCLUSIONS 
8.1. Chapter Overview 
Conclusions that were drawn from this work are contained in this chapter. Highlights 
from the work are summarized in Section 8.2. The limitations of the work are outlined in Section 
8.3. Finally, recommendations for future work are put forth in Section 8.4. 
8.2. Highlights 
The internal-cell photogrammetry technique that was developed in this work was 
successfully applied to the monitoring of soil specimens during triaxial compression and triaxial 
extension tests. Three-dimensional models with watertight meshes were derived from 
photogrammetric processing. Measurements of total volume were obtained from each model. 
The models developed for the specimen, when the specimen had been subjected to different 
levels of axial stress, were differenced to quantify the development of axial, radial, and localized 
deformations on the specimen surface during testing. Each set of measurements that were used to 
derive a specimen volume was collected and processed independently. Therefore, the obtained 
volume did not rely on assumptions of specimen dimensions or the deformation behavior during 
the testing. This measurement technique reduced the source of systematic error in the 
determination of specimen volume. 
Volume measurements were made for a rigid reference (dummy) specimen, using five 
independent techniques, to evaluate the internal-cell photogrammetry technique. Results for the 
internal-cell photogrammetry technique fell within 0.13 percent of the reference technique and 
within 0.50 percent of all other techniques. A sensitivity study was performed to examine the 
effect that the number of photographs used in processing had on the total volume of the 
specimen. The study revealed that a reduced number of photographs (from 320 to 80 
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photographs) was suitable for accurately reconstructing a specimen. Accordingly, this reduction 
in photographs resulted in reduced processing time. 
8.3. Limitations  
 Chapter 7 contained a detailed discussion of the limitations of the internal cell 
photogrammetry technique and the sources of error that were identified. For reference, these 
limitations included: 
 the precision of repeat interval stops (Section 7.6.8.1); 
 the refinement of specimen models (Section 7.6.8.2);  
 the accuracy of external geometry measurements (Section 7.6.8.3); and  
 the determination of specimen ends (Section 7.6.8.4).  
In addition to the limitations discussed in Chapter 7, the following limitations of the work were 
identified:  
 the lack of drained triaxial tests performed as part of this work; 
 the lack of repeat tests performed as part of this work; 
 the inability of the photogrammetry software to automatically identify all targets; 
 the amount of time required for photogrammetric processing of results; 
 the low resolution of the board camera devices; and 
 the poor performance of the board camera devices in low light conditions. 
8.4. Recommendations 
 In accordance with the limitations that were identified in the previous section, the 
following recommendations are made for future work. 
 The precision of the camera towers during repeat occupation should be improved with a 
mechanized, rotating track (e.g. with a small stepper motor). This mechanization could 
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also foreseeably decrease the amount of time that the triaxial test is paused for during 
acquisition of photographs. 
 The number/density of targets on the surface of the specimen should be increased. The 
increase in density will increase the number of surveyed points and therefore also 
increase the resolution of the three-dimensional model.  
 Although a comparison with other photogrammetric methods in the literature indicated 
that the technique presented in this work was no more computationally costly, a reduction 
in processing time is still desirable. It is therefore recommended that an alternative 
(preferably) open-source software package be implemented for photogrammetric 
processing that would allow for improved automatic target and texture detection.  
 Incorporating an improved board camera design in future iterations of the system could 
foreseeably improve image resolution and sensor performance in low light conditions, 
thereby improving the quality of the image data. 
 The strain measurements collected with this technique should be used in conjunction with 
finite element analysis to predict the stress distribution throughout the soil specimen. 
Such an inverse solution will help to develop a better understanding of the constitutive 
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